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(i)
Freshly isolated hepatocytes from fed and starved 
rats were used as a model in the investigation of the 
mechanisms by which cadmium chloride exerts its toxic 
effects at the cellular level. Exposure to cadmium 
chloride resulted in a slight decrease in viability, more 
pronounced in hepatocytes from starved rats. Morpho­
logical changes preceded the increase in membrane 
permeability. Hepatocytes exhibited a rapid initial 
uptake of cadmium chloride, followed by a second slower 
phase. The accumulation of more metal in hepatocytes 
from starved rats may contribute to their enhanced 
susceptibility to cadmium chloride.
Adverse metabolic effects of cadmium chloride 
included an increase in the lactateipyruvate ratio in 
hepatocytes from fed rats, with a concomitant decrease in 
the 3-hydroxybutyrate:acetoacetate ratio in hepatocytes 
from fed and starved rats. Incubation with cadmium 
chloride resulted in increased g 1 yc o g e n o 1 ysis and 
glycolysis. Decreased rates of gluconeogenesis from 
lactate and pyruvate reflected the decreased uptake of 
gluconeogenic precursors. Studies of intracellular 
lactate concentrations could not resolve whether the 
decrease in gluconeogenesis was due to an inhibition of 
lactate transport into the hepatocyte or due to a 
decrease in its metabolism.
SUMMARY
(ii)
Cadmium chloride caused a slight decrease in the 
basal and pyruvate-stimulated rates of cellular 
respiration, a marked dose-related decrease with lactate, 
and no significant effects with succinate. Carbonyl- 
cyanide-m-chlorophenylhydrazone was less effective in 
stimulating respiration in hepatocytes incubated with 
cadmium chloride, this effect being more pronounced with 
lactate and pyruvate than with succinate. Cadmium 
chloride had little effect on the uncoupled rates of 
FADH2 oxidation with succinate suggesting that electron 
transport from succinate dehydrogenase to cytochrome a/a3 
was not impaired.
The results from these studies suggest a primary 
effect of cadmium chloride on mitochondrial function and 
ce'llular energy production, resulting in secondary 
metabolic changes in an attempt to overcome the declining 
levels of ATP within the cell.
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Cadmium is a silvery white metal with a bluish 
tinge, discovered by Strohmeier and Hermann in 1817 
(Weeks, 1968). Its natural abundance in the earth's 
crust is estimated to be between 0.1 and 0.2ppm (Aylett, 
1979) present as the sulphide (greenocklite) and oxide, 
mainly in association with zinc. The natural input of 
cadmium into the biosphere derives from volcanic acti­
vity, exudates from vegetation, forest fires, windblown 
dust and leaching of rocks (Ravera, 1984). However, 
these natural processes are relatively insignificant when 
compared to the contamination resulting from man's 
activities.
Cadmium is obtained as a by-product in the 
extraction of zinc, lead and to a lesser extent copper 
(Aylett, 1979 ). Volatilisation of cadmium from these 
processes and emissions from fossil fuel combustion can 
give rise to localised pollution of cadmium oxide in the 
atmosphere (Korte, 1983). The industrial usage of 
cadmium in electroplating, pigments, stabilisers for pvc 
and related plastics, alkaline storage batteries and 
alloys (Yost, 1984) of which only a small proportion is 
recovered (Fulkerson et al., 1973) has led to increasing 
environmental levels of the metal. Use of phosphatic 
fertilisers, containing high concentrations of cadmium 
(Kjellstrom et al., 1975) and the discharge of cadmium- 
containing industrial waste into sewers with its
1.1 INTRODUCTION - CADMIUM TOXICITY
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subsequent dispersal on land or into the sea have 
contributed towards the increased pollution of cadmium in 
the soil and marine environment (Sherlock, 1984; Yost, 
1984).
All these intended and unintended uses of cadmium 
have led to elevated levels in air, water and soil. As 
cadmium accumulates in plants and animals (Yost, 1984), it 
is inevitable that relatively high residues of cadmium can 
be detected in some foods. Incidences of severe cadmium 
pollution are rare, although the excessive cadmium intake 
in a region of Japan in 1948 was attributed to the rice 
grown in irrigation water contaminated with the effluents 
of a mining operation upstream (Korte, 1983; Hallenbeck, 
1984). Similarly, recent investigations at the village of 
Shipham in Somerset revealed high levels of cadmium in 
some samples of soil (> lOOmg Cd/kg) and vegetables (> lmg 
Cd/kg) (Shipham Survey Committee, 1980).
Due to the increasing levels of cadmium in the 
environment, there is now a greater awareness of the 
potential health hazard of exposure to this metal in the 
general population. A summary of the reported human 
health effects of exposure to cadmium is shown in Table 1.
1.2 INTAKE, ABSORPTION, BODY BURDEN AND EXCRETION
The main routes of cadmium intake in man are the
-3-
TABLE 1. ACUTE AND CHRONIC HEALTH EFFECTS OF CADMIUM
(summarised from Friberg et al., 1986)
ACUTE POISONING:
Inhalation: Symptoms may not occur until 2 4 hours
after e x p o s u r e  has t e r m i n a t e d  - 
shortness of breath, general weakness 
and fever, and in severe cases, 
respiratory insufficiency with shock 
and death.
Ingestions Onset of symptoms within minutes of 
exposure - nausea, vomiting, abdominal 
cramps and headache, and in severe 
cases, d i a r r h o e a  and shock may 
develop.
CHRONIC POISONING:
Inhalation: Occurs as a result of occupational
exposure to cadmium. Lung emphysema, 
renal tubular disease, anaemia, liver 
disease and changes in bone mineral 
metabolism have been observed.
Ingestions Only known to have taken place in 
Japan. Renal tubular disease, bone 
disease (osteomalacia/osteoporosis) 
and in some cases, gastrointestinal 
changes with resorption defects, 
anaemia and liver disturbances may 
have occurred.
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lungs and gastrointestinal tract. In the general 
environment, it has been estimated that approximately 13- 
19% of the cadmium inhaled is absorbed, which is less 
than 0.2pg daily (Commission of the European Communities, 
1982). In smokers, cadmium from cigarettes may represent 
an important burden (Gutenmann et al., 1982) as one model 
based on human smokers predicts the absorption of 1 - 2pg 
of cadmium from a pack of 20 cigarettes containing 30jjg 
of cadmium (Elinder et al., 1976). Nevertheless, in 
persons non-occupationally exposed to cadmium and non- 
smokers, the average amount of cadmium absorbed through 
the pulmonary tract is about 20 times less than the oral 
route (Commission of the European Communities, 1982).
Ingestion of cadmium occurs via water and food. 
Tap water, which is not particularly contaminated 
contains < 2pg/l cadmium, corresponding to a daily intake 
of 2 - 4jjg cadmium (Hallenbeck, 1984 ). Analysis of the 
diets characteristic of several countries show that adult 
cadmium intake from food ranges from 4 to 84|jg/day 
(Commission of the European Communities, 1978). The 
average values for cadmium in crops grown on uncontami­
nated land are unlikely to exceed O.lmg/kg, although some 
root crops, such as carrot and parsnip, and some leafy 
crops, such as lettuce and spinach, tend to contain 
slightly more cadmium than do other plant foods (Peterson 
& Alloway, 1979). Animal offal, especially liver and 
kidney, generally contain an average cadmium concen-
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tration in excess of 0. 05mg/kg, whereas shellfish contain 
higher levels of cadmium (> lmg/kg) than do most other 
foods, partly as a consequence of the increasing 
pollution of the marine environment (Sherlock, 1984). 
Therefore, the total daily intake from all sources can 
range from about 6pg for a non-smoker living in a rural 
area and eating less contaminated food, to 115pg for a 
20-cigarette/day smoker, living close to a cadmium 
emitting source and consuming more contaminated food 
(Hallenbeck, 1984).
In man, the average oral absorption rate of cadmium 
has been evaluated at 5% (Commission of the European 
Communities, 1982). Certain nutritional factors have been 
implicated in the intestinal absorption of cadmium. It 
was suggested that the low intake of calcium may have 
contributed to the high accumulation of cadmium in 
patients suffering from the Itai-Itai disease in Japan 
(Hallenbeck, 1984 ). Studies by Flanagan et al. (1 978) 
and confirmed by Shaikh & Smith (1980) have shown that 
human volunteers with low iron stores absorb considerably 
more cadmium (8.9%) from a test meal containing 25pg of 
cadmium and labelled with 115mcd than persons with normal 
iron stores (2.3%). Regarding the mechanisms involved in 
the uptake of cadmium by the intestinal mucosa, it has 
been suggested that cadmium may utilise carrier systems 
which have developed for the absorption of essential 
metals (Bremner, 1979). Evidence to support this view
- 6 -
include studies by Washko & Cousins (1977) of the binding 
of cadmium to intestinal calcium-binding protein in rats 
and the increase in cadmium absorption reported in iron- 
deficient mice (Valberg et al., 1976 ).
After absorption, cadmium in the blood is probably 
bound to albumin (Friedberg, 1975) and transported to the 
liver, kidneys, intestinal mucosa and other tissues. 
Although there is no doubt that after long term exposure, 
cadmium accumulates mainly in the kidneys (Commission of 
the European Communities, 1982), accumulation of the 
metal in the liver may occur initially as suggested by 
studies of acute exposure in animals after a single oral 
dose of cadmium (Washko & Cousins, 1976; Sasser & Jarboe, 
1977 ) .
Total burden of cadmium varies from < ljjg in the 
human newborn, to 10 - 30mg in the normal adult (Friberg 
et al., 1986). About 50% of the body burden is in the 
liver and kidneys, and about one third in the kidneys 
alone,, with kidney cortex concentrations being generally 
higher than in the medulla. Accumulation in the kidneys 
peaks at about age 50 when mean cadmium concentrations in 
renal cortex range between 15 and 50jig/g wet weight 
(Friberg et al., 1 9 8 6 ). Renal c o r t e x  levels of 
300]jg Cd/g wet weight have been found in exposed workers 
(Friberg et al., 1974 ).
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Normal urinary levels of cadmium increase with age 
and are < 2pg/day, even in smokers. However, in cases of 
workers occupationally exposed to cadmium and exhibiting 
normal renal function, urinary cadmium concentrations 
were significantly elevated (Commission of the European 
Communities, 1982). Although small amounts of cadmium 
are lost in urine, hair and sweat (Friberg et al., 1986), 
the faeces represent the principal excretory route for 
cadmium (Bremner, 1979). Since only about 5% of cadmium 
taken through food and water is absorbed, measurement of 
cadmium concentrations in faeces is useful for the 
evaluation of recent oral exposure (Vahter, 1982).
1.3 ROLE OF METALLOTHIONEIN
The biological half life of c a d m i u m  has been 
estimated to be between 10 - 33 years (Ellis et al., 
1979) probably because of the induction of metallo- 
thionein synthesis, a protein which has a high affinity 
for cadmium and is synthesized in response to the 
presence of the metal (Cherian & Nordberg, 1983). This 
low molecular weight protein (6000 - 7000) is unique 
because of its high content of cysteine and absence of 
aromatic amino acids (Kagi & Val lee, 1960 ). The 
mechanism of induction of metallothionein synthesis by 
cadmium is still uncertain, although schemes involving 
transcriptional and/or translational control have been 
proposed (review - Webb, 1979a; Cherian & Nordberg, 1983).
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The role of metallothionein as a transport 
mechanism for cadmium and /or as a protective mechanism 
against cadmium toxicity is not clear. Studies from 
animal experiments {review - Webb, 1979a; Cherian & 
Nordberg, 198 3) suggest that cadmium, on entering the 
circulation, is bound to metallothionein in the liver. 
Subsequent release of cadmium bound to albumin or as the 
cadmium-metallothionein complex into the blood, result in 
its transport from the liver to the kidney, with renal 
clearance through the glomeruli and reabsorption at the 
tubules. Induction of renal-metallothionein synthesis 
results in accumulation of cadmium in the kidneys, 
although the mechanism involved has not been resolved. 
It is not known conclusively whether the cadmium- 
metallothionein complex itself is the nephrotoxin 
(Cherian et al., 1976; Cherian & Goyer, 1978) or whether 
cadmium ions released from the lysosomal degration of 
cadmium-metal lothionein (Webb & Etienne, 1977 ; Squibb & 
Fowler, 1979 & 1984; Cain & Holt, 1983; Squibb et al.,
1984) which is the toxic agent.
1.4 RENAL TOXICITY OF CADMIUM
The nephrotoxicity of cadmium is well documented in 
man (Lauwerys, 1979) and e x p e r i m e n t a l  a n i m a l s  
(Samarawickrama, 1 97 9 ) manifesting itself in renal 
tubular proteinuria. The critical concentration of 
cadmium that can result in detectable renal dysfunction 
in man has been set at a value of 200pg/g wet weight in
-9-
the kidney cortex from human data obtained from both 
autopsies and biopsies (Friberg et al., 1974). Recently, 
a new measure, the population critical concentration 
(P.C.C.) with a clearly defined response rate has been 
suggested (Kjellstrom et al., 1 98 4 ). Reanalysis of 
published in vivo analysis data by these authors 
indicates that the P.C.C.-10 (10% response rate) for
cadmium in kidney cortex is likely to be in the range 180 
- 220|ag/g with the P.C.C.-50% about 25% higher, values 
not unlike that first suggested by Friberg et al. in 
1974 .
As discussed earlier, the actual toxic agent 
responsible for cadmium nephropathy is still debatable, 
with evidence to suggest either the cadmium-meta11o- 
thionein complex and/or the cation as the nephrotoxic 
agent. In any case, the concept of a critical concen­
tration has proved helpful in explaining the toxicity of 
cadmium. Bonner (1980) suggests that metallothionein may 
act as a detoxifying agent, binding all the available 
cadmium until the critical concentration is reached. At 
this point, an increase in the ratio of free cation to 
metallothionein-bound cadmium or an increase in the ratio 
of cadmium bound to other proteins to metallothionein- 
bound cadmium may occur. Alternatively, the concentra­
tion of cadmium-metallothionein complex may have reached 
a toxic level. In either case, cellular damage results.
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Although the kidney is considered to be the 
critical organ after chronic exposure to cadmium 
(Commission of the European Communities, 1982), the liver 
is one of the principal storage organs for cadmium and 
accumulation of the metal may result in adverse effects. 
According to current theories, removal of circulating 
cadmium after immediate exposure is carried out by the 
liver before its subsequent transfer to the kidneys 
(Commission of the European Communities, 1982). However, 
reported effects of liver disturbance in man are 
generally slight when compared to changes in renal 
function (Friberg et al., 1974 ).
Studies from animal experiments, as summarised in 
Table 2, indicate that gross morphological and ultra- 
structural changes occur after acute parenteral and long­
term oral exposure to cadmium. After acute administra­
tion, cadmium is found in the nuclei, mitochondria, 
microsomes and supernatant fractions within the liver 
cell, whereas long-term exposure results in the binding 
of cadmium to metallothionein in the cytoplasm (Webb, 
1979b). Biochemical effects that occur after acute 
exposure include elevations in serum transaminase 
activity, and alterations in the microsomal enzymes, but 
the interference of cadmium with carbohydrate metabolism 
after long-term oral exposure may be of particular 
significance, as will be discussed in section 1.6.3.
1.5 HEPATOTOXICITY OF CADMIUM
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TABLE 2. ACUTE AND CHRONIC EFFECTS OF CADMIUM IN THE 
LIVER OF EXPERIMENTAL ANIMALS
(summarised from Samarawickrama, 1979)
ACUTE EXPOSURE s Mainly parenteral administration to
rats and mice resulting in cellular 
necrosis. Ul tr as tr uc tu ra 1 changes 
include degeneration of the rough & 
smoooth endoplasmic reticulum and 
mitochondria, with a .loss of glycogen.
Biochemical effects include elevated 
transaminase activity, and a reduction 
in the mixed function oxidases.
CHRONIC EXPOSURE s Mainly oral administration in the diet
or d r i n k i n g  w a t e r  r e s u l t i n g  in 
cellular necrosis.
Ultrastructural changes are similar to 
acute exposure but mitochondria appear 
to be unaffected.
Biochemical effects include changes in 
the protein & carbohydrate metabolism, 
in particular, diminished cellular 
glycogen, elevated phosphorylase a and 
decreased aldolase.
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The interaction of cadmium with cellular components 
results from the formation of ionic and covalent 
complexes with electron donor atoms present as deriva­
tives of sulphur, nitrogen and oxygen. Consequently, 
cadmium may interact with proteins, phospholipids and 
nucleic acids resulting in the disruption of cellular and 
metabolic processes (Webb, 1979b). However, to do so, it 
must first penetrate the cell membrane.
1.6.1 Effects of cadmium on membrane structure and 
function
Cellular uptake of cadmium
The kinetics of hepatic cadmium transport (0.89- 
87pM Cd) has been studied in isolated perfused rat liver 
by Frazier & Kingsley (1976) who concluded that cadmium 
uptake into the liver occurs by a combination of simple 
diffusion and a carrier-mediated process. Other studies 
by Stacey & Klaassen (1980) have demonstrated the non­
active, biphasic uptake of cadmium (25-800g M ) in 
suspensions of isolated rat hepatocytes. Furthermore, a 
decrease in cadmium uptake when zinc is present has been 
observed in perfused rat liver (8.94jaM Cd; 129pM Zn - 
Kingsley & Frazier, 1979), in suspensions of rat hepato­
cytes (lOpM Cd; 50pM Zn - Stacey & Klaassen, 1980) and in 
cadmium-resistant mutants of cultured Chinese hamster 
ovary cells (2.5-20pM Cd; 0.77-51]aM Zn - Corrigan & 
Huang, 1981) suggesting the presence of a common
1.6 CADMIUM TOXICITY AT THE CELLULAR LEVEL
transport system. Studies by Failla et. al. (1979) and 
Gerson & Shaikh (1984) have implicated the role of a 
sulphydryl carrier in the uptake of cadmium (3pM) in 
primary cultures of rat hepatocytes.
Structural integrity and transport processes
Cadmium is known to diminish the viability of 
isolated rat hepatocytes as indicated by an enhanced 
membrane permeability in hepatocyte suspensions (50-400pM 
CdCl2 ~ Stacey et al., 1980; Stacey, 1986, and 10-100pM 
CdCl2 - Muller & Ohnesorge, 1982 & 1984) and cultured 
hepatocytes (50-400]aM CdCl2 ~ Santone et al., 1980, and 
50-200pM C d C l 2 - Sorensen et al., 1 984). Various 
theories have been proposed to account for the cadmium- 
induced injury observed, for example, lipid peroxidation 
(Kinter & Pritchard 1977) but recent evidence suggests 
that cellular disruption may occur independently of lipid 
peroxidation (Stacey et al., 1980; Muller & Ohnesorge, 
1982 ). It has also been postulated that the affinity of 
cadmium for sulphydryl groups may account for its 
cytotoxic properties (Vallee & Ulmer, 1972; Christie & 
Costa, 1984). Studies by Stacey (1986) have shown a 
protective effect of dithiothreito1 in suspensions of 
hepatocytes even when added 15 minutes after exposure to 
200pM cadmium chloride. Although it is not clear as to 
whether this protection was due to the chelating or thiol 
reductive properties of d i t h i o t h r e i t o l , the author 
suggests that the accelerated membrane permeability on
- 1 4 -
exposure to cadmium may be due to other factors other 
than a single irreversible interaction of the metal with 
membrane thiol groups.
Cadmium interacts with phosphatidyl ethanolamine
and phosphatidyl serine monolayers, expanding them at
— 8minimum effective concentrations of 10 ; two orders of
magnitude lower than the essential metals calcium (10~5) 
and sodium (10~^) (Suzuki & Matsushita, 1968). The 
displacement of calcium necessary for the structural 
integrity of some membranes could render these structures 
susceptible to cadmium. Morphological examination of 
primary cultures of rat hepatocytes have shown the 
presence of smooth blebs on the surface of hepatocytes 
exposed to cadmium (100 - 200pM) after 30 min. This 
phenomenon was more pronounced in the absence of calcium 
(Sorensen et al., 1984). The formation of surface blebs 
is an early reversible sign of toxic injury to 
hepatocytes prior to other indications of damage 
(Orrenius et al., 1983). Cellular conditions immediately 
responsible include a depletion of glutathione and extra- 
mitochondrial calcium (Jewell et al., 1982) and in some 
instances accompanied by a depletion of ATP (Cornell,
1985). Studies by Muller & Ohnesorge (1982, 1984) have 
shown a decrease in cellular glutathione and ATP in rat 
hepatocytes exposed to 10pM cadmium chloride. The 
inhibition of glutathione reductase and glucose-6- 
phosphate dehydrogenase have been implicated in the 
depletion of glutathione observed (Muller, 1986).
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Interactions of c a d m i u m  with the functional 
sulphydryl groups of membrane bound Na+/K+ and Ca2+/Mg2+- 
ATPases have been implicated in the inhibition of 
cellular Na+and Ca2+ transport (Webb, 1979b). The inhibi­
tion of ATPase in kidney cortex membranes may be relevant 
in the etiology of cadmium-induced hypertension in 
experimental animals (Schroeder & Vinton, 1982). Hepatic 
uptake of some organic metabolites, such as lactate, 
involve the use of sulphydryl dependent carriers (Monson 
et al., 1982; Fafournoux et al., 1985) which may be 
susceptible to inhibition by cadmium.
1.6.2 Effects of cadmium on mitochondria and cellular
energy production
Interference with mitochondrial function has been 
proposed as a mechanism of cadmium-induced cytotoxicity 
in isolated rat hepatocytes (Muller & Ohnesorge, 1984). 
Mitochondrial degenerative changes including swelling, 
retraction of cristae and the presence of electron-dense 
areas were observed in the livers of rats examined after 
acute and chronic exposure to cadmium (Table 2) and 
kidneys after chronic exposure to the metal (Kajikawa e t  
a l . ,  1981). Similar changes were observed by Nicholson 
et a l . ,  (1983) in the kidneys of sea-birds contaminated 
with cadmium.
M i t o c h o n d r i a l  u p t a k e  o f  c a d m i u m
Observations by Saris & Jarvisalo (1977 ) and more 
recently by Chavez e t  a l .  (1985) suggest that cadmium may
-16-
utilise the calcium carrier for its uptake into the 
mitochondrion. It seems that cadmium is accumulated into 
mitochondria through the ruthenium red - sensitive 
calcium uniporter via an energy dependent process, 
resulting in the competitive inhibition of calcium 
uptake. It has been proposed by Chavez et al. (1985) 
that cadmium binds to a membrane thiol group necessary 
for the translocation of calcium.
Mitochondrial enzymes, electron transport and 
oxidative phosphorylation
Oral administration of cadmium.to rats (single
succinate dehydrogenase and cytochrome oxidase of liver, 
kidney, testis and lung (Prasada et al., 1983). A 
reduction in the activities of succinate dehydrogenase 
and cytochrome oxidase have also been observed in the 
liver, kidney and muscle of rats after chronic oral 
administration of cadmium (50 ppm cadmium in the drinking 
water for up to 9 months - Toury et al., 1985 ). Inhibi­
tion of both succinate dehydrogenase (Diamond & Kench, 
1974) and NADH dehydrogenase (Cameron et al., 1983) have 
been suggested from studies of cadmium added in vitro to 
mitochondrial preparations.
dose, 25mg/kg) inhibited activities of citrate
Accumulation of cadmium occurs in isolated mito­
chondria (Saris & Jarvisalo, 1977) and in the mitochon­
dria of hepatocytes exposed to the metal (Failla et al.,
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1979; Muller & Ohnesorge, 1984). Different effects of 
cadmium on respiratory function have been reported when 
cadmium is added in vitro to mitochondrial preparations. 
Cadmium induces a stimulation of oxygen consumption in 
the presence of both flavin-linked and pyridine 
nucleotide-linked substrates in isolated mitochondria 
from rat liver (5-50pM Cd - Diamond & Kench, 1974); 0.12- 
12nm Cd - Muller & Ohnesorge, 1984) and rat kidney 
(20pM Cd - Chavez et al., 1985). At higher concentra­
tions of cadmium, a marked inhibition of electron 
transport occurs in mitochondrial preparations from 
pulmonary alveolar macrophages (50qM Cd - Mustafa & 
Cross, 1971) and from rat liver (> lOOpM Cd - Diamond & 
Kench, 1974 ; IO-IOOjjM Cd - Cameron et al., 1983; 0.12- 
12pM Cd - Muller & Ohnesorge, 1984). It has been sugges­
ted that cadmium might interact with the respiratory 
dehydrogenases since the cytochromes remained oxidised at 
these higher concentrations of cadmium (Mustafa & Cross, 
1971; Diamond & Kench, 1974).
Oxidative phosphorylation is particularly sensitive 
to cadmium as demonstrated in early work by Jacobs e t  a l .  
(1956) of the uncoupling of citrate- and succinate-linked 
phosphorylation by cadmium (1.3 - 3pM Cd) in isolated rat 
mitochondria. Similar studies by Fluharty & Sanadi 
(1961;1962), Mustafa & Cross (1971) and Chavez e t  a l .  
(1985) are consistent with this view. Cadmium induces 
the collapse of the mitochondrial membrane potential
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(Sanadi et al., 1984; Chavez et al., 1985) whereas re­
versal of uncoupling is achieved by the addition of 
dithiols (dimercaptopropanol) certain cations (Ni2+, Mn2+ 
& Co2+) and chelating agents (EDTA) (Jacobs et al., 1956; 
Mustafa & Cross, 1971). Liver mitochondria isolated from 
rats chronically poisoned with cadmium chloride exhibit 
diminished respiratory control as evidenced by the 
increased stimulation of succinate-linked respiration in 
the presence of ADP (lmg Cd/kg/week - intraperitoneal 
injections for 5 weeks - Diamond & Kench, 1 974) and 
partial uncoupling as shown by the increase in oxygen 
consumption (50ppm Cd in drinking water for up to 9 
months - Toury et al., 1985). Recent studies by Joshi & 
Hughes (1981) and Sanadi et al. (1984) using vesicles 
containing bovine heart mitochondrial ATP-ase have 
implicated the inhibition of coupling factor B in the 
uncoupling activity of cadmium.
The susceptibility of mitochondrial metabolism to 
cadmium at the cellular level has been demonstrated in 
pulmonary alveolar macrophages from sheep lung (Mustafa & 
Cross, 1971) and in rat hepatocyte suspensions (Muller & 
Ohnesorge, 1984) as shown by the decline in cellular 
respiration on exposure to 5mM and 20pM cadmium chloride 
respectively. Although the inhibition of respiration 
could be reversed in macrophages by the addition of an 
uncoupler, dinitrophenol, only a partial stimulation of 
the cadmium-inhibited respiration is observed in the
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study by Muller & Ohnesorge (1984) with the uncoupler, 
car bony lcyanide-m-ch loro phenyl hydrazone (CCCP).
1.6.3 Effects of cadmium on hepatic carbohydrate metabolism
Alterations in carbohydrate metabolism in con- 
juction with pancreatic function have been reported in 
patients with Itai-Itai disease (Webb, 1979b). Elevated 
levels of the gluconeogenic enzymes, pyruvate carboxy­
lase, phosphoenolpyruvate carboxykinase, fructose-1,6- 
diphosphatase and glucose-6-phosphatase, have been 
observed after parenteral administration of cadmium in 
rats (twice daily subcutaneous injections of lmg Cd/kg 
for 7 days - Merali & Singhal, 1976). The concomitant 
decrease in liver glycogen has also been observed after 
chronic oral exposure to cadmium in rats (50ppm in 
drinking water for up to 9 months - Toury et al., 1985 ).
An increase in phosphorylase a with a corresponding 
decrease in aldolase is observed after chronic oral 
administration of lOppm Cd to rats for 60 days (Sporn et 
al., 1970). Hyperglycaemia, glucose intolerance and 
raised serum insulin levels observed by Merali & Singhal 
(1976) above, was also reported by Ghafghazi & Mennear 
(1973) 4 hours after the single intraperitoneal adminis­
tration (2 - 6mg/kg) of cadmium acetate to mice.
Singhal et al. (1976) suggested that the changes in 
carbohydrate metabolism might be due essentially to
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insulin deficiency, mediated by a direct effect of 
cadmium on the pancreas. Prevention of the toxic effects 
of cadmium on hepatic metabolism and pancreatic function 
by the simultaneous administration of zinc (Merali & 
Singhal, 1976) also suggest an effect of cadmium on the 
insulin secretory mechanism. The elevated hepatic cAMP 
content observed (Merali & Singhal, 1976) attributed to 
insulin deficiency (Exton, 1972) provides further evi­
dence for this view.
Elevations in the lactate:pyruvate ratio of rat 
hepatocytes in suspension (Stacey et. al., 1980; Muller & 
Ohnesorge, 1984) and in culture (Santone et al., 1982) 
have been observed after exposure to cadmium chloride. A 
disturbance in mitochondrial energy production has been 
implicated as a causative factor (Muller & Ohnesorge, 
1984 ) .
1.6.4 Other intracellular effects of cadmium
An increase in the number of lysosomes and pino- 
cytic vesicles is observed in the proximal tubules of 
rats after a single non-lethal dose of cadmium-metallo- 
thionein (0.6mg Cd/kg intraperitoneal injection - Squibb 
& Fowler, 1984) and after chronic oral administration of 
200ppm cadmium chloride in the drinking water for 32 
weeks (Kajikawa et al., 1981).
The nuclear and microsomal interactions of cadmium
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have been reviewed by Webb (1979b). Particular attention 
has been devoted to the effects of cadmium on DNA-depen- 
dent RNA-polymerase whose activity is both stimulated and 
inhibited by cadmium, probably according to the nuclear 
concentrations of the metal (Bryon & Hidalgo, 1976; Stoll 
e t  a l . ,  1976). Contrasting effects of cadmium on protein 
synthesis have been reported in separate studies by Stoll 
e t  a l .  ( 197 6 ) and Gamulin e t  a l .  (1977).
The interaction of cadmium with some mitochondrial 
enzymes has been discussed (section 1.6.2). However, 
certain metal loenzymes, in particular,- zinc containing 
acid and alkaline phosphatases and enzymes containing 
sulphydryl groups e.g. the mitochondrial dehydrogenases, 
succinate and pyruvate dehydrogenase are also susceptible 
to cadmium (Webb, 1979b; Pool, 1981).
1.7 OBJECTIVES OF THIS THESIS
Studies by Stacey e t  a l .  (1980) and Santone e t  a l .  
(1982) have shown an elevation in the 1actate:pyruvate 
ratio in rat hepatocytes exposed to cadmium. Since the 
lactate:pyruvate ratio may be used as an index of the 
cytosolic redox state (Williamson e t  a l . r  1967), the 
mitochondrial effects of cadmium (section 1.6.2) may also 
manifest in changes in the mitochondrial redox state. 
Therefore, initial studies of the lactate:pyruvate ratio 
in rat hepatocyte suspensions were carried out to confirm 
the observations of these earlier workers and to
- 2 2 -
investigate any concomitant changes in the 3-hydroxy- 
butyrate: acetoacetate r a t i o  as an i n d e x  of the 
mitochondrial redox state. The effects of cadmium on 
parameters of cellular integrity were also established 
and the cellular uptake of cadmium determined.
Following from these results, the nature of the 
oxidised mitochondrial redox state was investigated from 
studies of the cellular respiration of hepatocytes in the 
presence of various substrates and by using an uncoupler 
of oxidative phosphorylation and an inhibitor of electron 
transport. Similarly, the mechanism by which cadmium 
could induce a reduced cytosolic redox state in 
hepatocytes from fed rats was elucidated from studies of 
glycogen breakdown. The perturbation in mitochondrial 
energy production was investigated with respect to an 
energy requiring process such as gluconeogenesis. An 
attempt was made to determine the nature of the decreased 
cellular uptake of lactate in the presence of cadmium 
chloride.
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2.1 INTRODUCTION
Structural and functional alterations have been 
observed in rat hepatocytes exposed to cadmium (section
1.6.1 - 1.6.3). In particular, elevations in the 
lactate:pyruvate ratio have been reported after rat 
hepatocytes were exposed to cadmium chloride (Stacey e t  
al., 1980; Santone e t  al., 1982; Muller & Ohnesorge, 
1984 ). The mechanism by which this occurs has not been 
elucidated.
Therefore, initial studies examined the influence 
of cadm i u m  on parameters of cellular integrity as 
indicators of its toxic effects. In addition, the rate 
of cellular uptake of cadmium was determined to ascertain 
its significance in relation to the metabolic effects of 
cadmium toxicity over the time of exposure. The 
modification of toxic response due to the dietary 
condition of the donor animal was investigated and some 
morphological studies carried out.
Subsequent studies examined the effect of cadmium 
chloride on the cytosolic and mitochondrial redox states 
as inferred from the ratios of lactate:pyruvate and 3- 
hydroxybutyrate :acetoacetate in hepatocyte suspensions 
derived from both fed and starved donor rats. The effect 
of pre-incubation over continuous exposure to cadmium 
chloride was also investigated.
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2.2.1 ANIMALS
Male Wistar Albino rats (University of Surrey 
Strain), body weight 180-230g, were allowed either free 
access to food (Spratts Laboratory Animal Diet I - 
Spratts Ltd., Barking, Essex) and water, or food was 
withdrawn 18-24h before cell isolation.
2.2.2 ISOLATION OF R A T  HEPATOCYTES
Hepatocytes were isolated by a modification of the 
method of Rao et al. (1976) by perfusion in situ with 
collagenase, followed by resuspension in Tris-buffered 
incubation medium as used by Stacey et al. (1980). The 
yield was routinely over 200 million cells, with 
viabilities greater than 87%.
Reagents
All chemicals, unless specified were from the Sigma 
Chemical Co., Poole, Dorset, and of 'Analar' grade where 
possible.
Calcium-free Krebs Ringer phosphate buffer, pH 7.4 
containing 150mM NaCl, 4.97mM KC1, 1.24mM KH2P04, 3.73mM
NaHCO^, 4.83mM Na2HP04, 0.64mM MgCl2 and 0.62mM MgS04.
Calcium-free hydrogen carbonate buffer, pH 7.4, 
containing 142mM NaCl, 4.37mM KC1, 1.24mM KH2P04, 24mM 
NaHC03, 0.64mM MgCl2 and 0.62mM MgS04.
Tris-buffered incubation medium, pH 7.4, containing 
131mM NaCl, 5.2mM KC1 , 0.9mM MgS04, ImM CaCl2 ' 3mM
2.2 MATERIALS & METHODS
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All buffers contained a few drops of phenol red 
solution (Flow Laboratories, Irvine, Scotland, U.K.) as 
an indicator of pH.
250mM CaCl2 solution.
Phosphate Buffered Saline ' A ' tablets (PBS'A') 
(Flow Laboratories, Irvine, Scotland, U.K.).
Collagenase isolated from Clostridium Histolvcum 
(Product No: 103 586, Boehringer Corporation Ltd., Lewes, 
Sussex, U.K.).
Perfusion Technique
Male fats were anaesthetised with an intraperitoneal 
injection (O.lml/lOOg body weight) of pentobarbitone 
(Sagatal, May & Baker Ltd., Dagenham, London, U.K.). 
Each animal was placed so that the ventral side was 
exposed, then opened by two deep lateral cuts, and the 
viscera removed to the animal's left side, thereby 
exposing the hepatic portal vein. A ligature was placed 
around the inferior vena cava, just above the renal 
veins, but was not tied. Then, the hepatic portal vein 
was cannulated using a 22g x 32mm catheter (Abbocath-T, 
Abbott Laboratories Ltd., Queenborough, Kent, U.K.) and 
the inferior vena cava cut just below the ligature to 
allow the perfusate to run to waste.
The liver was perfused with buffers continuously 
gassed with 95% oxygen/5% carbon dioxide (British Oxygen 
Co., London, U.K.) at 37°C in 3 stages: (1) non-
Na2HP04 and lOmM Tris.
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cyclically with calcium-free Krebs Ringer phosphate 
buffer, pH 7.4, for approximately 10 min, with an initial 
flow rate of 12 ml/min increasing to a maximum of 25-27 
ml/min over the 10 min period; (2 ) non-cyc lica 1 ly with 
calcium-free bicarbonate buffer, pH 7.4, for a further 
10 min at a flow rate of 25-27 ml/min; (3) recirculating 
for 15-20 min with 150ml of calcium-free bicarbonate 
buffer, pH 7.4, containing lOOmg collagenase and 5mM 
CaCl2 (final concentration).
The thoracic cavity was exposed by careful cutting 
through the rib cage and the inferior vena cava 
cannulated via the right atrium, with a n l8g x 32mm 
cannula (A b b o t h c a t h - T , A b b o t t  L a b o r a t o r i e s  Ltd, 
Queenborough, Kent, U.K.). The ligature previously 
placed on the inferior vena cava was tightened, thus 
causing the perfusate to run to out at the cannulated end 
of the inferior vena cava. Recirculation was established 
at the end of stage 2 (above), and maintained for up to 
20 min.
After this, the liver was rapidly excised and 
placed in a beaker containing PBS'A' at 37°C. The outer 
capsule was slit using the edge of a pair of fine, 
pointed scissors and the hepatocytes released into the 
medium with gentle agitation of the loosened mass. The 
suspension was filtered through nylon bolting cloth 
(125pm) to separate the cells, then washed three times 
with PBS 'A'. At each wash, the hepatocytes were allowed 
to settle under gravity for 5 min, the upper layer
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siphoned off and the cells resuspended in 150ml of fresh 
PBS ' A ' . Finally, the cells were resuspended in 100-150ml 
Tris-buffered incubation medium, pH 7.4, filtered through 
bolting cloth again, and the yield and viability assessed 
using the trypan blue exclusion method. The cell 
suspension was diluted to 2-2.5 x 10^cells/ml with 
incubation medium prior to use.
2.2.3 INCUBATIONS
Hepatocytes were pre-incubated in a shaking water 
bath at 37°C for 10 min. Then, 10ml aliquots of cell 
suspension were placed into 50ml conical flasks and 
incubated under air in the shaking water bath at 37°C. 
Stock solutions of cadmium chloride were prepared (0.5 & 
2mg CdCl2.2i^O/ml in distilled water) and 57pl added to 
hepatocyte suspensions (12.5 & 50pM C d C l 2 / final
concentrations, respectively) and 57pl distilled water 
added to control suspensions of hepatocytes.
2.2.4 TRYPAN B L U E  EXC L U S I O N  T EST
Trypan blue (M.W.961) is excluded from undamaged 
hepatocytes whereas damaged cells allow its passage 
across the plasma membrane and subsequent binding to 
membrane and intracellular proteins (Phillips, 1983).
An aliquot of cell suspension was added to an equal 
volume of trypan blue (Flow Laboratories, Irvine, 
Scotland, U.K.), mixed and a sample placed on a Newbauer
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haemocytometer counting chamber (Scientific Supplies, 
U.K.). The number of viable and non-viable cells were
counted over a specified area (25 squares) within a
volume of O.lpl. Viable hepatocytes, excluding trypan 
blue, appeared straw-coloured, whereas the non-viable 
cells were stained blue.
The viability was calculated as follows:
the number of viable cells
% viability =    — --------—-- — ----— -
total number of cells
(sum of viable + non-viable cells)
Cell concentration was calculated as follows:
Cell concentration
Vol. of cell suspension
= — — ------ — -- —----- -—  X Total no. of cells X 104
Vol. of trypan blue counted in a vol. of O.lpl
The yield was the total number of hepatocytes isolated
from a single perfusion i.e. cell concentration x volume
of cell suspension.
2.2.5 L I GHT MICROSCOPY
Photographs were taken of hepatocyte suspensions to
demonstrate the deterioration of structural integrity on
exposure to cadmium chloride. Hepatocyte suspensions
were first mixed with an equal volume of trypan blue,
then photographed.
The following instruments and conditions were used:
Microscope : Diaphot Inverted Microscope
Mode : Phase contrast
Magnification : x 20
Film : Ilford FP4 (Black & White)
Camera : Nikon
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Lactate dehydrogenase (LDH) was measured using the 
method of Bergmeyer (1974). The reaction involved is:
LDH
Pyruvate + NADH + H+ 4  —  ► Lactate + NAD4*
The equilibrium lies to the right, favouring 
lactate formation. LDH activity was determined by the 
rate of oxidation of NADH. Leakage of LDH was calculated 
by measuring the activity of LDH in an aliquot of cell- 
free medium and comparing that to the total activity 
achieved after lysis of the hepatocytes with a detergent, 
such as Triton X-100,
Method
Hepatocytes in suspension (0.5ml) were centrifuged 
for 2 min at 400 rpm (Digifuge, Heraeus-Christ, Osterode, 
F.R. Germany) to sediment the cells. The medium was 
removed and replaced with an equal volume of distilled 
water. After the addition of 0.01ml 5% Triton X-100
(May & Baker, Dagenham, Essex, U.K.) made up in distilled 
water, the suspension was mixed thoroughly, left for 30 
min, mixed again, then centrifuged for 20 min at 2,500g 
in a Beckman J6 centrifuge to pellet the cell debris. 
The medium and cell extract were diluted 1:4 and 1:19 
respectively with distilled water before assay for LDH 
activity. There was no significant interference of 
Triton X-100 with the assay.
2.2.6 LEAKAGE OF LACTATE DEHYDROGENASE
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The sample (16.7pl) was added to 10ml buffer (50mM 
potassium dihydrogen phosphate - dipotassium hydrogen 
phosphate, 0.63mM pyruvate; pH 7.5) at 37°C. The 
reaction was started with the addition of 16.7|j 1 NADH 
solution (11.3mM in distilled water) and the rate of 
change in absorbance followed at 37°C and 340nm in a 
spectrophotometer Q5, Perkin Elmer, Uberlingen, F.R.
Germany).
Calculations
LDH activity was calculated as follows:
LDH activity = A/min X total reaction vol. dilution factor
  —------------ ——.... -x  —  —---------— — X 103
vol.diluted sample extinction coeff.
Where total reaction volume (ml) = 1.034 
volume diluted sample (ml) = 0.0167 
dilution factor = 5 or 20
extinction coefficient of NADH = 6.22 (cm2/jjmol)
Leakage of cellular LDH into the m edium was 
expressed as a percentage of the total LDH activity in 
the cell suspension.
2.2.7 M EASUREMENT OF C A D M I U M
Cadmium was measured in the medium of hepatocyte 
suspensions by atomic absorption spectrometry with the ' 
slotted tube atom trap (SP9, Pye Unicam Ltd., Cambridge,
1England). ;
Preparation of Samples
At timed intervals, 0.5ml aliquots of hepatocyte
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suspension were removed from flasks in a shaking water 
bath at 37°C, and placed into plastic LP4 tubes (Luckham 
Ltd., Burgess Hill, England). After centrifugation at 
400rpm (Digifuge, Heraeus-Christ, Osterode, F.R. Germany) 
to sediment the cells, 0.3 and 0.2ml aliquots of medium 
were removed from hepatocyte suspensions containing 12.5 
and 50pM cadmium chloride respectively, and placed into 
plastic LPg tubes (Luckham Ltd., Burgess Hill, England). 
The samples were either stored at -20°C or diluted with 
deionised water for assay (1:9 and 1:19 for samples 
containing 12.5 & 50pM CdCl2 respectively.
The initial concentrations of cadmium in the 
hepatocyte suspensions were determined in medium 
containing 12.5 and 50pM cadmium chloride in the absence 
of hepatocytes and aliquots of 0.3 and 0.2ml were diluted 
in the same way as samples. Blanks of medium containing 
no cadmium were prepared in a similar way.
Preparation of Standards
9 1Working standards in the range of 50-200ng Cd /ml 
were prepared by appropriate dilution with deionised 
water of a stock standard lmg/ml CdN03 (BDH, Poole, 
Dorset, England).
Instrument Conditions Used
Wavelength (nm)
Bandpass (nm)
Lamp current (mA)
Acetylene flow rate (L m i n - 7 ) 
Air flow rate (L min""7  )
228.8
0.5
4
0 .9  -  12
5 .0
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Burner height (mm) 14-20
Slotted tube atom trap yes
Calculations
Cadmium concentrations (ng Cd2+/ml) in the diluted 
samples were calculated from the standards and printed 
automatically by the atomic absorption spectrometer used. 
Hence, the concentration of cadmium in undiluted medium 
(pM) was calculated by multiplication of cadmium (ng
O iCd /ml) in the diluted sample with the dilution factor 
(10 or 2 0) and division by the molecular weight of 
cadmium (112.4). The uptake of cadmium (nmols Cd24*/109 
cells) was calculated with respect to the initial con­
centration of cadmium in the medium.
2.2.8 ANALYSIS OF METABOLITES
Al iquots of h e p a t o c y t e s  s u s p e n s i o n  w e r e  
deproteinised with ice-cold 12% perchloric acid (PCA) (3% 
PCA, final concentration), and centrifuged for 15 min at 
2,500g in a Beckman J 6 centrifuge. The cell extracts 
were analysed for lactate, pyruvate, 3-hydroxybutyrate, 
acetoacetate and glutathione as described below. The 
assays were checked for interference with cadmium. 
Duplicate sets of each standard were prepared, and one 
set spiked with lOOpM CdCl2 (final concentration). In 
all instances, there were no significant interference of 
cadmium with the enzymes involved. All chemicals and 
enzymes were from the Sigma Chemical Co., Poole, Dorset.
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Lactate was measured using the method of Gutmann & 
Wahlefeld (1974). The reaction involved is:
L-Lactate + NAD+ LDH pyruvate hydrazone + NADH
—   >+ hydrazone pH 9.5 + H^O
Since the equilibrium lies towards lactate, 
pyruvate is trapped as the hydrazone whereas the protons 
are neutralised by the alkaline medium. The quantitative 
oxidation of L-lactate is reflected by the formation of 
NADH at 34 Onm.
Method
A sample (0.15ml) of cell extract was incubated 
with 0.1ml NAD+ solution (30mM in distilled water), 10ml 
buffer (0.4M hydrazine sulphate and 0.5M glycine; pH 9.0) 
and 0.02ml LDH suspension diluted in distilled water 
(about 1350U/ml) for lh at 37°C. Lithium L-lactate 
standards (0.2-1.2mM) in 3% PCA were run in parallel and 
the reagent blank contained 0.15ml of 3% PCA instead of 
sample. The change in absorbance at 340nm was used to 
calculate lactate concentrations expressed as pmol
C.lactate/10 hepatocytes in suspension.
PYRUVATE
Pyruvate was measured using a modification of the 
method of Czok and Lamprecht ( 1974). The reaction 
involved is:
L-(+)-LACTATE
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LDH
Pyruvate + NADH + H+ 4—  — — ► Lactate + NAD+
The equilibrium lies towards lactate formation, and 
hence pyruvate is quantitatively converted to lactate 
with a corresponding decrease in the absorbance at 340nm.
Method
The measurement of pyruvate was carried out as soon 
as possible due to its instability in either acid or 
neutral conditions. A sample (1ml) of ice-cold cell 
extract was neutralised (pH 6-8) with 2 M KOH and the 
resulting precipitate quickly removed by centrifugation. 
Neutralisation was facilitated by the addition of lpl 
phenol red (Flow Laboratories, Irvine, Scotland) to each 
sample. The neutralised extract (1.0ml) was mixed with 
0.5ml buffer (0.5M triethanolamine containing 5mM EDTA; 
pH 7.6) and 0.025ml NADH solution (7mM in distilled 
water). After reading the absorbance at 340nm, the 
solution was incubated with 0.01ml lactate dehydrogenase 
suspension diluted with distilled water (about 400U/ml) 
for lh at 37°C. Standards containing sodium pyruvate 
(0.02-0.1mM) in 3% PCA and a reagent blank (1ml 3% PCA) 
were processed in the same way as the samples. The 
concentration of pyruvate was calculated from the 
decrease in absorbance at 340nm and expressed as pmol 
pyruvate/106 hepatocytes in suspension.
D - (3)-HYDROXYBOTYRATE
The concentration of 3-hydroxybutyrate was measured
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using the m e t h o d  of W i l l i a m s o n  and Mellanby (1974). The 
reaction is catalysed by 3-hydroxybutyrate dehydrogenase 
(3 - H B D H ) :
3-Hydroxybutyrate + N AD+ (3-HBDH) acetoacetate hydrazone
—   ►
+ N AD4" + hydrazone pH 8.5 + NADH + H^O4"
As the e quilibrium of this reaction lies towards 3- 
hydroxybutyrate, acetoacetate is trapped as the hydrazone 
whereas the p r o t o n s  a r e  n e u t r a l i s e d  by t he a l k a l i n e  
medium. The quantitative oxidation of 3-hydroxybutyrate 
is reflected by the formation of NADH at 340nm.
Method
A s a m p l e  (1.0ml) of i c e - c o l d  c e l l  e x t r a c t  w a s  
neutralised in the same w a y  as pyruvate. The neutralised 
extract (1.0ml) w a s  i n c u b a t e d  w i t h  0.5ml b u f f e r  ( 7 0 m M  
Tris, IM h y d r a z i n e ,  2 . 7 m M  E D T A ; pH 8.5), 0.05ml N A D +
solution (15mM in distilled water) and 0.01ml 3-hydroxy­
butyrate d e h y d r o g e n a s e  s u s p e n s i o n  d i l u t e d  in d i s t i l l e d  
water ( a b o u t  3 0 U / m l )  f o r  Ih a t  3 7 ° C .  S t a n d a r d s  
containing s o d i u m  D L - 3 - h y d r o x y b u t y r a t e  ( 0 . 1 - 0 . 5 m M ,  
equivalent to 0.05-0.25mM D-3-hydroxybutyrate) in 3% PCA 
and a r e a g e n t  b l a n k  (1ml 3% PCA) w e r e  p r o c e s s e d  in the 
same w a y  as the s a m p l e s .  T h e  c h a n g e  in a b s o r b a n c e  at 
340nm w a s  u s e d  to c a l c u l a t e  3 - h y d r o x y b u t y r a t e  c o n c e n ­
trations a nd e x p r e s s e d  as jimol 3 - h y d r o x y b u t y r a t e / l  0^ 
hepatocytes in suspension.
A CETOACETATE
Acetoacetate was measured in hepatocyte suspensions
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using the m e t h o d  of Mellanby and W i l l i a m s o n  (1974). The 
reaction involved is:
(3 - H B D H )
Acetoacetate + NADH + H + 4—  — — — 3-Hydroxybutyrate + NAD+
Since the e q u i l i b r i u m  lies t o w a r d s  3 - h y d r o x y ­
butyrate f o r m a t i o n ,  a c e t o a c e t a t e  is q u a n t i t a t i v e l y  
converted to 3 - h y d r o x y b u t y r a t e  w i t h  a c o r r e s p o n d i n g  
decrease in the absorbance at 340nm.
Method
A s a m p l e  (1.0ml) of i c e - c o l d  cel l  e x t r a c t  w a s  
neutralised in the same w a y  as pyruvate. The neutralised 
extract ( 1 . 0ml) w a s  m i x e d  w i t h  1 . 0 m l  b u f f e r  (0.1M 
potassium d i h y d r o g e n  p h o s p h a t e  - d i p o t a s s i u m  h y d r o g e n  
phosphate; p H  6.8) a n d  0 . 0 5 m l  N A D H  s o l u t i o n  ( 7 m M  in 
distilled water). After reading the absorbance at 340nm, 
the reaction was started w i t h  the addition of 0.014ml 3- 
hydroxybutyrate d e h y d r o g e n a s e  s u s p e n s i o n  d i l u t e d  w i t h  
distilled water (about 30U/ml) and incubated at 37°C for 
lh. S t a n d a r d s  c o n t a i n i n g  l i t h i u m  a c e t o a c e t a t e  (0.04 - 
0.2mM) in 3% P C A  an d  a r e a g e n t  b l a n k  (1.0ml 3% PCA) w e r e  
processed in the s a m e  w a y  as the s a m ples. The c o n c e n ­
tration of acetoacetate was calculated from the decrease 
in a b s o r b a n c e  at 3 4 0 n m  a n d  e x p r e s s e d  as p m o l  a c e t o -  
a cetate/105 hepatocytes in suspension.
GLUTATHIONE
Glutathione in hepatocyte suspensions was measured  
by the method of Saville, (1958) which converts thiols to
- 3 8 -
their S - n i t r o s o  d e r i v a t i v e s ,  y i e l d i n g  an  e q u i v a l e n t  of 
nitrous a c i d  on m e r c u r i c  i o n - a s s i s t e d  h y d r o l y s i s .  The 
nitrous a c i d  is f i n a l l y  u s e d  in  t h e  f o r m a t i o n  of a 
brilliant azo dy e  f r o m  s u l p h a n i l a m i d e  and N - l - n a p t h y l -  
ethylenediamine, the i n t e n s i t y  of w h i c h  can be m e a s u r e d  
colorimetrically at 546nm.
Reagents
Reagents w e r e  p r e p a r e d  e x a c t l y  as in S a v i l l e ,  
(1958). S t a n d a r d s  u s e d  w e r e  r e d u c e d  g l u t a t h i o n e  (20 - 
lOOpg/ml, S i g m a  C h e m i c a l  Co., Poole, Dorset), m a d e  up in 
3% p e r c h l o r i c  acid. S a m p l e s  and b l a n k s  c o n t a i n e d  equal 
volumes of 3% perchloric acid.
Method
Aliquots of cell e x t r a c t ,  s t a n d a r d s  a nd b l a n k s  
(0.1ml each) w e r e  p r o c e s s e d  a c c o r d i n g  to the m e t h o d  in 
Saville, (1958) e x c e p t  t h a t  all v o l u m e s  w e r e  s c a l e d  to 
one-tenth specified in the method and the absorbance read 
at 546nm. The concentration of glutathione in hepatocyte 
suspensions was expressed as nmol glutathione/10^ cells.
2.2.9 Analysis of results
Student's t - t e s t  w a s  u s e d  to t e s t  for s t a t i s t i c a l  
differences of the m e a s u r e d  p a r a m e t e r s  w i t h  r e s p e c t  to 
time of exposure and c a d m i u m  concentration. Results are 
expressed as m e a n  + standard error (SEM) w i t h  the number 
of experiments or observations from a single experiment 
within b r a c k e t s  (n). W h e r e  the r e s u l t s  r e p r e s e n t  t w o  
observations, only the m e a n  value is given.
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2.3.1 Comparison o f  t h e  e f f e c t s  of c a d m i u m  c h l o r i d e  o n  
the cellular integrity of hepatocytes f r o m  fed and 
starved rats
Initial studies on the cytotoxic effects of c a d m i u m  
chloride ( C d C ^ )  on isolated rat hepatocytes involved the 
use of the t r y p a n  b l u e  e x c l u s i o n  t e s t  an d  l e a k a g e  of 
intracellular lactate dehydrogenase (LDH) as criteria for 
the a s s e s s m e n t  of c e l l u l a r  v i a b i l i t y .  A m o r p h o l o g i c a l  
examination of hepatocytes from starved rats was carried 
out a f t e r  an hour's e x p o s u r e  to c a d m i u m  c h l oride. The 
depletion of g l u t a t h i o n e  in h e p a t o c y t e s  f r o m  s t a r v e d  
rats was also investigated.
Trypan blue exclusion
Initial viabilities of hepatocytes suspensions from 
both fed and starved rats were routinely greater than 87% 
as d e t e r m i n e d  by t r y p a n  b l u e  e x c l u s i o n .  S u s p e n s i o n s  of 
control hepatocytes (containing no cadmium) from fed rats 
maintained a constant trypan blue exclusion of around 80% 
over the t w o  h o u r  i n c u b a t i o n  (Fig. 2.1-A). T h e r e  w a s  
little e f f e c t  of c a d m i u m  c h l o r i d e  o n  t h e  c e l l u l a r  
viability o v e r  t he f i r s t  h o u r  of e x p o s u r e .  A d o s e -  
related d e c r e a s e  in t r y p a n  b l u e  e x c l u s i o n  (5% at 12.5jjM 
C d C l 2 ; 11% at 50jjM C d C ^ )  w a s  o b s e r v e d  in h e p a t o c y t e s  
exposed to cadmium chloride for 2 hours.
Suspensions of c o n t r o l  h e p a t o c y t e s  f r o m  s t a r v e d  
rats m a i n t a i n e d  a v i a b i l i t y  of a r o u n d  80% for the f i r s t
2 - 3 RESULTS
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F i g  2 , 1  Comparison o f  t h e  e f f e c t  o f  cadmium c h l o r i d e  
on t rypan  b l u e  e x c l u s i o n  in h e p a t o c y t e s  d e r i v e d  from 
f e d  (A) and s t a r v e d  (B) r a t s .
H epatocytes from  fe d  and s ta rv e d  r a ts  were in cu b a te d  in  medium c o n ta in in g  
no cadmium ( • ) ,  12.5pM CdCl2 (A ) o r  50pM CdCl2 ( ■ )  f o r  up to  2 h . A t tim ed  in te r v a ls ,  
a l iq u o ts  o f  c e l l  suspension  were removed f o r  th e  assessment o f  c e l lu la r  v i a b i l i t y .
V ia b le  c e l ls  have been d e fin e d  as those h e p a to cy te s  e x c lu d in g  try p a n  b lu e  (s e c t io n  2 .2 .4 ) .
Each va lue  re p re s e n ts  th e  mean + SEM o f  th re e  c e l l  p re p a ra t io n s .
Significantly different from controls *(p < 0.05).
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60 min, b u t  d e c r e a s e d  to 72% by the en d  of t he t w o  h our  
incubation (Fig. 2.1-B). On exposure to c a d m i u m  chloride, 
the pattern of trypan blue exclusion in hepatocytes from 
starved rats w a s  v e r y  s i m i l a r  to t h a t  f r o m  fed rats. A 
dose-related decrease in viability occurred (5% at 12.5pM 
C d C l 2 ; 9% at 5 0 p M  C d C ^ )  a f t e r  t w o  hour's e x p o s u r e  to 
ca d mium c h l o r i d e  (Fig. 2.1-B). H o w e v e r ,  t he t o x i c i t y  of 
cadmium chloride was enhanced in hepatocytes from starved 
rats as evidenced by the lower viabilities (67% at 12.5pM 
C d C l 2 ; 63% at 5 0 p M  C d C ^ )  at  the e n d  of the t w o  h o u r  
incubation p e r i o d  w h e n  c o m p a r e d  w i t h  s i m i l a r l y  t r e a t e d  
hepatocytes f r o m  fed r ats (74% at 12.5pM C d C l 2 ; 68% at 
50pM C d C l 2 )•
Leakage of cellular LDH
Initial enzyme leakage was routinely between 10 and 
15% of the total c e l l u l a r  e n z y m e  for h e p a t o c y t e  s u s p e n ­
sions f r o m  b o t h  fed a n d  s t a r v e d  rats. Fig. 2.2 c o m p a r e s  
the effects of c a d m i u m  chloride on the extracellular LDH 
activity of hepatocytes f rom fed (Fig. 2.2-A) and starved 
(Fig. 2.2-B) rats. C o n t r o l  s u s p e n s i o n s  of h e p a t o c y t e s  
from fed rats e x h i b i t e d  an e n z y m i c  l e a k a g e  of less t h a n  
23% o ver the t w o  h o u r  i n c u b a t i o n  w h e r e a s  a s l i g h t l y  
higher L D H  l e a k a g e  of up  to 26% o c c u r r e d  in t h o s e  f r o m  
starved rats. In a c c o r d  w i t h  t r y p a n  b l u e  e x c l u s i o n ,  
there was an increase in the enzyme leakage of hepatocyte 
suspensions f r o m  fed r a t s  (from 22 to 28% w i t h  12.5pM 
C d C l 2 ; f r o m  23 to 33% w i t h  5 0 p M  C d C l 2 ) o v e r  the s e c o n d
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F i g  2 , 2  Comparison o f  t h e  e f f e c t  o f  cadmium c h l o r i d e  
on t h e  l e a k a g e  o f  l a c t a t e  d e h y d ro g e n a s e  (LDH) from h e p a t o c y t e s  
i s o l a t e d  from f e d  (A) and s t a r v e d  (B) r a t s .
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H epatocytes from  fe d  and s ta rv e d  r a ts  were in cu b a te d  in  medium c o n ta in in g  
no cadmium ( • ) ,  12.5pM CdCl2 (A) o r  50|iM CdCl2 ( ■ )  f o r  up to  2 h . A t tim ed  in te r v a ls ,  
a l iq u o ts  o f  c e l l  suspension  were removed f o r  th e  assessment o f  leakage o f  c e l lu la r  LDH 
from  th e  h e p a to cy te s  (s e c t io n  2 .2 .6 ) .
Each va lu e  re p re s e n ts  th e  mean + SEM o f  th re e  c e l l  p re p a ra t io n s .
Significantly different from controls *(p < 0.05).
-43-
hour of exposure to c a d m i u m  chloride, and an enhanced LDH 
leakage in hepatocytes from starved rats (from 18 to 30% 
with 12.5 p M  C d C l 2 ; f r o m  20 to 37% w i t h  5 0 p M  C d C l 2 ). The 
patterns of leakage of cellular LDH were a l m o s t  identical 
to t h a t  of t r y p a n  b l u e  e x c l u s i o n ,  s u g g e s t i n g  t h a t  t h e s e  
tests reflected similar degrees of cellular damage.
Morphology
Morphological e x a m i n a t i o n  of f r e s h l y  i s o l a t e d  
hepatocytes f r o m  s t a r v e d  r a t s  u n d e r  l i g h t  m i c r o s c o p y  
indicated t h a t  the c e l l s  w e r e  r o u n d e d  w i t h  no e v i d e n c e  of 
blebbing. A f t e r  an hour's i n c u b a t i o n  w i t h  5 0 p M  c a d m i u m  
chloride, t h e  h e p a t o c y t e s  e x h i b i t e d  a s i g n i f i c a n t  
blebbing of the p l a s m a  m e m b r a n e  w h e n  c o m p a r e d  w i t h  
controls (Fig . 2.3 & 2.4). T he a p p e a r a n c e  of s u r f a c e  
blebs o c c u r r e d  p r i o r  to s i g n i f i c a n t  c h a n g e s  in c e l l u l a r  
viability. A l s o ,  t h e  n o n - v i a b l e  c a d m i  urn-tr ea te d 
hepatocytes w e r e  s t a i n e d  a d a r k e r  c o l o u r  by t r y p a n  b l u e 
than the n o n - v i a b l e  ^control' h e p a t o c y t e s ,  s u g g e s t i n g  a 
marked increased in m e m b r a n e  permeability on exposure to 
cadmium chloride.
Glutathione
The d e p l e t i o n  of c e l l u l a r  g l u t a t h i o n e  has b e e n  
implicated in t h e  i n d u c t i o n  of b l e b  f o r m a t i o n  in 
hepatocytes u n d e r  o x i d a t i v e  s t r e s s  ( O r r e n i u s  e t  al., 
1983). T he g l u t a t h i o n e  c o n c e n t r a t i o n  of h e p a t o c y t e  
suspensions f r o m  s t a r v e d  rat s  w a s  m e a s u r e d  o v e r  90 m i n
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Fig. 2.3 A p p e a r a n c e  of h e p a t o c y t e s  f r o m  s t a r v e d  rats  
after i n c u b a t i o n  for lh at 37° C  in a m e d i u m  c o n t a i n i n g  no 
cadmium chloride (x20 objective). The cells (81% viable) 
had a s s u m e d  a r o u n d e d  a p p e a r a n c e  w i t h  l i t t l e  c l u m p i n g .  
The non-viable cells were stained with trypan blue.
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Fig. 2.4 A p p e a r a n c e  of h e p a t o c y t e s  f r o m  s t a r v e d  rats 
after e x p o s u r e  to 5 0 p M  c a d m i u m  c h l o r i d e  for lh at 37°C 
(x20 objective). Cells exhibited large surface blebs on 
the p l a s m a  m e m b r a n e .  A s l i g h t  r e d u c t i o n  in v i a b i l i t y  
(down to 76%) had o c c u r r e d ,  w i t h  the n o n - v i a b l e  cells 
stained a d a r k e r  c o l o u r  w i t h  t r y p a n  b lue t h a n  t h o s e  in 
suspensions of c o n t r o l  h e p a t o c y t e s  (Fig. 2.3).
(Table 2.1). The initial concentration of glutathione in 
hepatocyte suspensions was 33.4nmol g l u t a thione/108celIs 
and this value decreased slightly in control suspensions 
of hepatocytes to 29.5 and 26.4nmol glutathione/10 cells 
after 45 a n d  90 m i n  i n c u b a t i o n  r e s p e c t i v e l y .  A  d o s e -  
related decrease in the glutathione content of hepatocyte 
suspensions w a s  o b s e r v e d  a f t e r  45 m i n  (11% w i t h  12.5pM  
C d C l 2 ; 16% w i t h  50jjM C d C ^ )  a n d  90 m i n  (20% w i t h  12.5pM  
C d C l 2 ; 28% w i t h  50pM C d C l 2 ) exposure to c a d m i u m  chloride.
2.3.2 C omparison of t h e  c e l l u l a r  u p t a k e  of  C d 2+ i n t o  
hepatocytes f r o m  fed a nd starved rats.
The u p t a k e  of c a d m i u m  i o n  f r o m  t h e  m e d i u m  of
hepatocyte s u s p e n s i o n s  (12.5 a n d  5 0 p M  C d C l 2 f i n i t i a l
concentrations) f r o m  b o t h  fed a n d  s t a r v e d  r a t s  is s h o w n
in Fig. 2.5. In b o t h  cases, t h e r e  w a s  an  i n i t i a l  r a p i d  
9 4-uptake of Cd  in t h e  f i r s t  30 m m ,  f o l l o w e d  by a m u c h  
slower second phase.
Bearing in m i n d  t h a t  t h e  c o n c e n t r a t i o n  of h e p a t o -
£cytes in the t w o  s y s t e m s  w e r e  m a t c h e d  to w i t h i n  0.2 x 10° 
cells/ml of e a c h  o t her, h e p a t o c y t e s  f r o m  s t a r v e d  rat s  
exposed to 5 0 p M  c a d m i u m  c h l o r i d e  e x h i b i t e d  a h i g h e r  
initial r a t e  of  c a d m i u m  u p t a k e  ('fed' h e p a t o c y t e s ?
7 6nmol C d 2 + / 1 0 8 c e l 1 s ? 'starved' h e p a t o c y t e s :  1 3 n m o l
9 4- fiCd /10 cells, o v e r  t h e  f i r s t  30 min) a n d  a c c u m u l a t e d  
more m e t a l  t h a n  d i d  h e p a t o c y t e s  f r o m  fed r a t s  ('fed' 
hepatocytes: 1 1 . 5 n m o l  C d 2 + / 1 O ^ c e l 1 s ; 'starved' h e p a t o ­
cytes: 15.3nmol C d 2+/10^cel I s , after 2h)»
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T ab l e  2 , 1  E f f e c t  o f  cadmium c h l o r i d e  on t h e  g l u t a t h i o n e  
c o n t e n t  o f  h e p a t o c y t e  s u s p e n s i o n s  i s o l a t e d  from s t a r v e d  
r a t s .
Time Concentration Glutathione content
(min) of CdCl2 (pM) (nmol/106cells)
0
control 33.4 + 0.9
30
control 29.5 + 0.5
12.5 *26.2 + 1.0
50 **24.9 + 1.1
60
control 26.4 + 1.3
12.5 *21.1 + 0.6
50 ***19,1 + 0.3
H epatocytes from  s ta rv e d  r a ts  were in cu b a te d  in  medium c o n ta in in g  cadmium 
c h lo r id e  (1 2 .5  & 50|iM; c o n t ro ls  c o n ta in in g  no cadmium) f o r  90 m in . A t tim ed  
in te r v a ls ,  a l iq u o ts  o f  c e l l  suspension  were d e p ro te in is e d  In  12?o PCA f o r  th e  
measurement o f  g lu ta th io n e  (s e c t io n  2 .2 .8 )
R e su lts  a re  expressed as mean + SEM (n = 3 -  5 o b s e rv a tio n s  from  a s in g le  
e x p e rim e n t) .
S ig n i f ic a n t ly  d i f f e r e n t  from  c o n t ro ls  * ( p  <0 .05 )
* * ( p  < 0.02 )
* * * ( p  <0.01)
F i g  2 . 5  Comparison o f  t h e  up t ake  o f  cadmium ion from 
t h e  medium by h e p a t o c y t e s  d e r i v e d  from f e d  (A) and s t a r v e d  (B)  
r a t s .
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. H epa tocytes from  fe d  and s ta rv e d  r a ts  were in cu b a te d  in  medium c o n ta in in g
12 .5  pM CdCl2 (A) o r 50 pM CdCl2 ( ■ )  f o r  up to  2 h . A t tim ed  in te r v a ls ,  a l iq u o ts  o f  
c e l l  suspension  were removed f o r  th e  measurement o f  cadmium io n  in  the  medium (s e c t io n  2 .2 .7 ) ,
Each va lu e  re p re s e n ts  th e  mean + SEM o f  4 samples from  the  same c e l l  p re p a ra t io n .
The r a t i o  of l a c t a t e : p y r u v a t e  c o n c e n t r a t i o n s  in 
hepatocyte s u s p e n s i o n s  w a s  t a k e n  as a m e a s u r e  of the 
cytosolic r e d o x  state, a n d  s i m i l a r l y  w i t h  3 - h y d r o x y ­
butyrate: acetoacetate as t h a t  in the m i t o c h o n d r i a .  Th e  
lactate:pyruvate r a t i o  w a s  d e t e r m i n e d  i n  h e p a t o c y t e  
suspensions f r o m  fed r a t s  only, as t he b a s a l  l e v e l s  of 
lactate and p y r u v a t e  in h e p a t o c y t e s  f r o m  s t a r v e d  r a t s  
were b e l o w  t he d e t e c t i o n  l i m i t s  of th e  a s s a y s  i.e. 0.2 
and 0 . 0 2 m M  w i t h  l a c t a t e  a n d  p y r u v a t e  r e s p e c t i v e l y .  The 
3 - h y d r o x y b u t y r a t e :acetoacetate r a t i o  w a s  d e t e r m i n e d  in 
suspensions of h e p a t o c y t e s  f r o m  b o t h  fed a n d  s t a r v e d  
r a t s .
L actate and Pyruvate 
Hepatocytes fro m  fed rats
Lactate c o n c e n t r a t i o n s  in s u s p e n s i o n s  of c o n t r o l  
hepatocytes i n c r e a s e d  o v e r  the f i r s t  h o u r  of i n c u b a t i o n  
to 0 . 1 2 p m o l  1 a c t a t e / 1 0 6 c e l I s , t h e n  d e c r e a s e d  to n e a r  
basal levels ( a p p r o x i m a t e l y  0 . 0 6 p m o l  1 a c t a t e / 1 0 6 c e l 1 s ), 
over the n e x t  h o u r  (Fig. 2.6-A). C a d m i u m ,  h o w e v e r ,  
caused a significant increase in lactate concentrations, 
up t o  0 . 2 5 p m o l  1 ac ta  te /1 0 6 ce  11 s , a f t e r  o n e  h o u r ' s  
exposure to 50pM c a d m i u m  chloride. As w i t h  controls, the 
lactate p r o d u c e d  w a s  m e t a b o l i s e d  o v e r  the n e x t  hour, 
although m o r e  s l o w l y  at the h i g h e r  d o s e  of c a d m i u m .
2.3.3 Cadmium and its effects on the cellular redox state
The pattern of pyruvate metabolism in control 
hepatocytes was similar to that of lactate over the 2h 
incubation. Pyruvate concentrations in suspensions of 
control hepatocytes doubled after 60 min incubation to 
0.035pmol pyruvate/lO^cells, and then decreased to 
initial levels (0.02|amol pyruvate/1 O^cel 1 s ) by 2h (Fig. 
2.6-B). As with lactate, hepatocytes exposed to cadmium 
chloride exhibited raised concentrations of pyruvate 
(0.040 & 0.047pmol pyruvate/108cel1s with 12.5 & 5 Op M 
C d C l 2 , respectively), but only for the first 30 min of 
incubation. After this, there was a marked decrease in 
pyruvate concentrations, falling below control values 
(down to 0.011 & 0.012|imol pyruvate/108cel Is with 12.5 & 
50pM CdCl2 f respectively) towards the last half-hour of 
exposure to cadmium chloride.
The lactateipyruvate ratio in hepatocyte suspensions
is shown in Fig. 2.7. Control hepatocytes maintained a
steady lactateipyruvate ratio of about 3.0 over the 2h
incubation, despite fluctuations in lactate and pyruvate
concentrations over this time. In contrast, cadmium
induced a time- and concentration-dependent increase in
the lactateipyruvate ratio, up to 11.5 and 19.0 after two
\
hour's exposure to 12.5 and 50pM c a d m i u m  chloride, 
respectively.
A previous experiment was conducted to investigate 
the effect of a range of cadmium doses (12.5-100pM CdC^)
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Fi g  2 . 6  I n f l u e n c e  o f  cadmium c h l o r i d e  on t h e  c o n c e n t r a t i o n  
o f  l a c t a t e  (A) and p y r u v a t e  (B) in h e p a t o c y t e  s u s p e n s i o n s  
from f e d  r a t s .
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H epatocytes from  fe d  r a t s  were in cu b a te d  in  medium c o n ta in in g  no cadmium ( • ) ,
1 2 .5  pM CdCl2 (A) o r  50 pM CdCl2 ( ■ )  f o r  up to  2 h . A t tim ed in te r v a ls ,  a l iq u o ts  o f  
c e l l  suspension  were d e p ro te in is e d  in  12% p e r c h lo r ic  a c id  f o r  th e  measurement o f  la c ta te  
and p y ru v a te  in  he p a to cy te  suspens ions (s e c t io n  2 .2 .8 ) .
Each va lu e  re p re s e n ts  th e  mean + SEM o f  th re e  c e l l  p re p a ra t io n s .
Significantly different from controls *(p < 0.05), **(p < 0.02), ***(p < 0.01).
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F i g  2 . 7  L a c t a t e  : p y r u v a t e  r a t i o  in h e p a t o c y t e  s u s p e n s i o n s  
from f e d  r a t s  on e x p o s u r e  t o  cadmium c h l o r i d e .  ***
0 30 60 90 120
Incubation period (min )
Legend as in Fig 2.G .
on the lactateipyruvate ratio in hepatocyte suspensions 
(Fig. 2.8). As expected, a 60 min exposure to cadmium 
chloride resulted in a time- and concentration-related 
increase in the lactate:pyruvate ratio, up to 7.1 with
12.5 & 5 OpM CdCl2 , and up to 9.1 & 22.9 with 50 & lOOpM 
CdCl2 respectively. Control hepatocytes maintained a 
lactate:pyruvate ratio of 3.8 over the 60 min incubation.
3-Hydroxybutyrate and acetoacetate
{i) Hepatocytes f rom fed rats
The concentration of 3-hydroxybutyrate in control 
hepatocyte suspensions increased linearly over the 2h' 
incubation up to 0.15pmol 3-hydroxybutyrate/lO^cel1s 
(Fig. 2.9-A). On exposure to c a d m i u m  chloride, 
hepatocytes exhibited a concentration-related decrease in 
the production of 3-hydroxybutyrate, evident even after 
30 min exposure to cadmium chloride (14% & 40% decrease 
with 12.5 & 50pM CdCd2, respectively). Some evidence for 
the metabolism of the 3-hydroxybutyrate produced was 
observed after 60 min exposure to 50pM CdCl2, and after 
90 min incubation at the lower dose.
As with 3-hydroxybutyrate, there was a linear 
increase in the concentration of acetoacetate in control 
hepatocytes (Fig. 2.9-B). The rate of production of 
acetoacetate was almost double that of 3-hydroxybutyrate, 
reaching a c o n c e n t r a t i o n  of 0 . 2 8 p m o l  aceto-s. 
acetate/1 O^cel 1 s at the end of the 2h incubation. When 
hepatocytes were exposed to cadmium chloride, aceto-
- 5 3  -
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Legend as in Fig 2*6 except that each value represents the 
mean SEK of 4 samples from a single experiment.
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F ig  2 . 9  I n f l u e n c e  o f  cadmium c h l o r i d e  on t h e  c o n c e n t r a t i o n
of  3 - h y d r o x y b u t y r a t e  (A) and a c e t o a c e t a t e  (B) in  h e p a t o c y t e
s u s p e n s i o n s  i s o l a t e d  from f e d  r a t s .
0-15
- 0-10
l ol o
2 \
-S' 1 0 05
A J -
Incubation period (m in )
H epatocytes from  fe d  r a ts  were in cu b a te d  in  medium c o n ta in in g  no cadmium ( • ) ,
12 .5  pM CdCl2 (A) o r 50 pM CdCl2 ( ■ )  f o r  up to  2 h . A t tim ed  in te r v a ls ,  a l iq u o ts  o f  
c e l l  suspension  were d e p ro te in is e d  in  12?o ( v /v )  p e rc h lo r ic  a c id  f o r  the  measurement o f  
3 -h y d ro x y b u ty ra te  and a c e to a c e ta te  in  h e p a to cy te  suspensions (s e c t io n  2 .2 .8 ) .
Each va lu e  re p re s e n ts  th e  mean + SEM o f  th re e  c e l l  p re p a ra t io n s .
Significantly different from controls *(p < 0.05), ***(p < 0.01).
acetate c o n c e n t r a t i o n s  d e c r e a s e d  s l i g h t l y  a f t e r  60 m i n  
exposure, b u t  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  
controls by the end of the incubation.
The 3 - h y d r o x y b u t y r a t e :a c e t o a c e t a t e  r a t i o  in 
hepatocyte s u s p e n s i o n s  is s h o w n  in Fig. 2.10. C o n t r o l  
hepatocytes e x h i b i t e d  a c o n s t a n t  3 - h y d r o x y b u t y r a t e :  
acetoacetate r a t i o  of 0.5 o v e r  the 2h i n c u b a t i o n ,  e x c e p t  
for a slight decrease to 0.4 after incubation for 30 min. 
In c o n t r a s t ,  h e p a t o c y t e s  e x p o s e d  to c a d m i u m  c h l o r i d e  
exhibited a t i me- and concentration-related decrease in 
the 3-hydroxybutyrate:acetoacetate ratio, falling to 0.24 
and 0.13 a f t e r  i n c u b a t i o n  for 2h w i t h  12.5 a nd 50]jM 
cadmium chloride, respectively.
(ii) Hepatocytes f r o m  starved rats
The production of 3-hydroxybutyrate in suspensions 
of c o n t r o l  h e p a t o c y t e s  p r o g r e s s e d  at a s l o w e r  r a t e  t h a n  
did t h o s e  f r o m  fed rats, r e a c h i n g  a l o w e r  c o n c e n t r a t i o n  
of 0.9|jmol 3 - h y d r o x y b u t y r a t e / l  C # c e 1 1 s (c.f. h e p a t o c y t e s  
from fed rats: 0 . 1 5 p m o l  3 - h y d r o x y b u t y r a t e / 1 O ^ c e l 1 s ) at 
the e n d  of t h e  i n c u b a t i o n  (Fig. 2 . 1 1-A). As  w i t h  
hepatocytes f r o m  fed rats, e x p o s u r e  to c a d m i u m  c h l o r i d e  
resulted in a p r o g r e s s i v e  d e c l i n e  of 3 - h y d r o x y b u t y r a t e  
concentrations (39% & 4 7 %  d e c r e a s e  w i t h  12.5 & 5 0 p M  
C d C l 2 f respectively after tw o  hour's incubation).
In contrast, hepatocytes from starved rats produced
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F ig  2 .1 0  The e f f e c t  o f  cadmium c h l o r i d e  on t h e
3 - h y d r o x y b u t y r a t e  : a c e t o a c e t a t e  r a t i o  in  h e p a t o c y t e
s u s p e n s i o n s  i s o l a t e d  f rom f e d  r a t s .
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H epatocytes from  fe d  r a t s  were in cu b a te d  in  medium c o n ta in in g  no cadmium ( • ) ,
12 .5  pM CdCl2 (A) o r  50 pM CdCl2 ( ■ )  f o r  up to  2h.
Each value represents the mean + SEM of three cell preparations.
Significantly different from controls *(p < 0.05), **(p < 0.02), #**(p < 0.01).
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F ig  2 .1 1  I n f l u e n c e  o f  cadmium c h i o r i d e  on t h e  c o n c e n t r a t i o n
o f  3 - h y d r o x y b u t y r a t e  (A) and a c e t o a c e t a t e  (B) in  h e p a t o c y t e
s u s p e n s i o n s  i s o l a t e d  f rom s t a r v e d  r a t s .
Incubation period ( min )
H epatocytes from  s ta rv e d  r a ts  were in c u b a te d  in  medium c o n ta in in g  no cadmium ( • ) ,
12 .5  pM CdCl2 (A ), o r 50 pM CdCl2 ( ■ )  f o r  up to  2 h . At tim ed in te r v a ls ,  a l iq u o ts  o f  
c e l l  suspens ion  were d e p ro te in is e d  in  12% ( v /v )  p e r c h lo r ic  a c id  f o r  th e  measurement o f  
3 -h y d ro x y b u ty ra te  and a c e to a c e ta te  in  h e p a to cy te  suspensions (s e c t io n  2 .2 .8 ) .
Each value represents the mean of two cell preparations.
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more acetoacetate than those from fed rats (Fig. 2.11-B). 
Again, there was little difference between acetoacetate 
concentrations in control and cadmiu m - e x p o s e d  hepatocyte 
suspensions, w i t h  c o n c e n t r a t i o n s  of 0.33 - 0 . 3 9 p m o l  
acetoacetate/lO^cells by the e nd of the i n c u b a t i o n  (cJE.
0.25 - 0.28pmol acetoacetate/108celIs in hepatocytes from 
fed rats; Fig. 2.9-B).
The 3 - h y d r o x y b u t y r a t e :a c e t o a c e t a t e  ratio is shown 
in Fig. 2.12. T h e r e  w a s  a p r o g r e s s i v e  d e c l i n e  in the 3- 
h y d r o x y b u t y r a t e :acetoacetate r a t i o  in c o n t r o l  h e p a t o c y t e  
suspensions falling to 0.24 by the end of the incubation, 
unlike that in hepatocytes from fed rats which maintained 
a fairly constant ratio of 0.5. As with hepatocytes from 
fed rats, e x p o s u r e  to c a d m i u m  c h l o r i d e  r e s u l t e d  in a 
time- and concentration-related decrease (26% & 68% with
12.5 & 50]aM C d C ^ /  r e s p e c t i v e l y )  in t h e  3 - h y d r o x y ­
butyrate: a c e t o a c e t a t e  r a t i o  a f t e r  t w o  hours, a l t h o u g h  
the r a t i o  d e c r e a s e d  to l o w e r  v a l u e s  in h e p a t o c y t e s  f r o m  
starved rats ( d own to 0.18 & 0.08 w i t h  12.5 & 5 0 p M  C d C ^ r  
respectively; c.f. h e p a t o c y t e s  f r o m  fed rats: 0.24 & 0.13 
with 12.5 & 50pM C d C l 2 , respectively).
A c o m p a r i s o n  of the k e t o n e  b o d y  c o n c e n t r a t i o n  in 
hepatocyte suspensions from fed and starved rats is shown 
in T a b l e  2.2. A p r e d i c t a b l e  d e c r e a s e  in k e t o n e  b o d y  
production w a s  o b s e r v e d  in h e p a t o c y t e  s u s p e n s i o n s  f r o m  
both fed a nd s t a r v e d  r a t s  a f t e r  t w o  hour's i n c u b a t i o n
- e o -
F ig  2 . 1 2  The e f f e c t  o f  cadmium c h l o r i d e  on t h e
3 - h y d r o x y b u t y r a t e  : a c e t o a c e t a t e  r a t i o  in h e p a t o c y t e
s u s p e n s i o n s  i s o l a t e d  f rom s t a r v e d  r a t s .
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H epatocytes from  s ta rv e d  r a ts  were in cu b a te d  in  medium c o n ta in in g  no cadmium ( • ) ,
12 .5  pM CdCl2 (A) o r 50 pM CdCl2 ( ■ )  f o r  up to  2 h . A t tim ed in te r v a ls ,  a l iq u o ts  o f  
c e l l  suspension were d e p ro te in is e d  in  12% ( v /v )  p e r c h lo r ic  a c id  f o r  th e  measurement o f  
3 -h y d ro x y b u ty ra te  and a c e to a c e ta te  in  h e p a to cy te  suspensions (s e c t io n  2 .2 .8 ) .
Each value represents the mean of two cell preparations.
-61-
T ab l e  2 . 2  Comparison o f  t h e  k e t o n e  body c o n c e n t r a t i o n  
i n  h e p a t o c y t e  s u s p e n s i o n s  from f e d  and s t a r v e d  r a t s .
Time C o n c e n t r a t i o n K e to n e  body c o n c e n t r a t i o n  ( p m o l / lO  c e l l s )
o f  CdCl ,(m in)
((JM) Fed S t a r v e d
0
c o n t r o l 0 . 0 7  + 0 .0 1 0.10
30
c o n t r o l 0 . 1 7  + 0 . 0 2 0 . 2 4
1 2 .5 0 . 1 6  + 0 .0 1 0 . 2 3
50 0 . 1 5  + 0 .0 1 0 . 2 4
60
c o n t r o l 0 . 2 9  + 0 . 0 1 0 . 3 8
1 2 .5 * * * 0 .2 0  + 0 .0 1 0 . 3 4
50 * * 0 .1 9  + 0 . 0 2 0 . 3 3
90
c o n t r o l 0 . 3 7  + 0 . 0 1 0 . 4 4
1 2 .5 * * * 0 .2 6  + 0 .0 1 0 . 3 9
50 * * * 0 .2 6  + 0 .0 1 0 . 3 4
120
c o n t r o l 0 . 4 4  + 0 . 0 1 0 . 4 7
1 2 .5 * * * 0 .3 2  + 0 . 0 2 0 .4 1
50 * * * 0 .3 2  + 0 .0 1 0 . 3 5
Ketone body c o n c e n tra tio n  a re  th e  sums o f  th e  3 -h y d ro x y b u ty ra te  and a c e to a c e ta te  
c o n c e n tra tio n s  in  h e p a to cy te  susp en s ion s .
S ig n i f ic a n t ly  d i f f e r e n t  from  c o n t ro ls  * * ( p  < 0 .0 2 ) ,
* * * ( p  < 0 .0 1 ) .
Legend as in Fig 2.9 and 2.11
w ith c a d m i u m  c h l o r i d e  ('fed' h e p a t o c y t e s :  27% d e c r e a s e  
with both 12.5 & 50pM C d C l 2 ; "starved' hepatocytes: 13% &
26% d e c r e a s e  w i t h  12.5 & 5 0 p M  C d C l 2 , r e s p e c t i v e l y ) .
Hepatocyte s u s p e n s i o n s  f r o m  s t a r v e d  r a t s  e x h i b i t e d  a 
slightly h i g h e r  i n i t i a l  k e t o n e  b o d y  c o n c e n t r a t i o n  a nd  
over t he 2h i n c u b a t i o n ,  i r r e s p e c t i v e  of the p r e s e n c e  of 
c a dmium chloride.
Ef f e c t  of pr e - i n c u b a t i o n  w i t h  c a d mium chloride 
Hepatocytes f r o m  fed rats
Hepatocytes w e r e  p r e - e x p o s e d  to 12.5 a n d  5 0 p M  
ca d mium c h l o r i d e  for 30 m in, a f t e r  w h i c h  the c a d m i u m -  
containing m e d i u m  was re m o v e d  by r eplacement w i t h  fresh 
m e d i u m  a nd th e  h e p a t o c y t e  s u s p e n s i o n s  i n c u b a t e d  for a 
further 90 min.
The p r o d u c t i o n  of la c t a t e ,  p y r u v a t e ,  3 - h y d r o x y ­
butyrate a n d  a c e t o a c e t a t e ,  a n d  the 1a c t a t e :p y r u v a t e  a nd  
3- h y d r o x y b u t y r a t e :acetoacetate r a t i o s  are s h o w n  in T a b l e s
2.3 an d  2.4. H e p a t o c y t e s  p r e - t r e a t e d  w i t h  c a d m i u m  
chloride showed increases in lactate concentrations (19% 
& 70% w i t h  12.5 & 5 Op M C d C l 2 , r e s p e c t i v e l y )  an d  the
lactate :pyruvate r a t i o  (up to 8.1 a nd 16.5 w i t h  12.5 & 
50pM C d C l 2 , r e s p e c t i v e l y ;  cffi. 5.3 w i t h  'control' s u s p e n ­
sions) a f t e r  90 m i n  i n c u b a t i o n ,  w i t h  a d e c r e a s e  in 3- 
hydroxybutyrate p r o d u c t i o n  (20% & 43% w i t h  12.5 & 5 0 p M  
C d C l 2 r e s p e c t i v e l y )  and the 3 - h y d r o x y b u t y r a t e :  a c e t o ­
acetate ratio (down to 0.89 and 0.48 with 12.5 &■ 50pM
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Ta b l e  2 . 3  L a c t a t e ,  p y r u v a t e ,  3 - h y d r o x y b u t y r a t e  and 
a c e t o a c e t a t e  in h e p a t o c y t e  s u s p e n s i o n s  p r e - t r e a t e d  wi th  
cadmium c h l o r i d e  f o r  30 m i n u t e s .
Time
Concentra­
tion of
Concentration of
£
Metabolites (nmol/10 cells)
(min) CdCl2(m m ) Lactate Pyruvate 3-hydroxy­butyrate
Aceto­
acetate
0
control 16 + 1 8 + 1 11 + 2 3 + 1
12.5 17 + 1 8 + 1 10 + 1 3 + 2
50 26 + 1 14 + 2 10 + 1 2 + 1
30
control 23 + 1 11 + 1 61 + 1 54 + 2
12.5 35 + 2 11 + 1 46 + 1 42 + 2
50 *62 ± 3 14 + 3 43 + 1 39 + 1
60
control 32 + 1 12 + 2 105 + 4 100 + 3
12.5 45 + 1 14 + 1 83 + 2 85 + 3
50 *70 + 4 18 + 1 * 71 2 99 + 3
90
control 48 + 2 14 + 1 136 + 6 127 + 2
12.5 57 + 1 12 + 1 *109 + 2 123 + 2
50 *82 + 2 9 + 1 * 77 + 5 *158 + 3
H epatocytes from  fe d  r a ts  were p r e - t re a te d  w ith  cadmium c h lo r id e  (1 2 .5  o r  50pM f i n a l  
c o n c e n tra t io n s ;  c o n t ro ls  c o n ta in in g  no cadmium) f o r  30 m in u te s , a f t e r  w h ich the  cadmium- 
c o n ta in in g  medium was removed by rep lacem ent w ith  f re s h  medium and th e  h e p a to cy te  suspensions  
in c u b a te d  f o r  a fu r th e r  90 m in u te s .
Each va lu e  re p re s e n ts  th e  mean + SEM ( n = 3 -4  o b s e rv a tio n s  fro m  a s in g le  exp e rim e n t)..
S ig n i f ic a n t ly  d i f f e r e n t  from  c o n t ro ls  * ( p  < 0 .0 5 ) .
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Tabl e  2 #  L a c t a t e i p y r u v a t e  and 3 - h y d r o x y b u t y r a t e :  
a c e t o a c e t a t e  r a t i o s  in h e p a t o c y t e  s u s p e n s i o n s  p r e - t r e a t e d  
w i th  cadmium c h l o r i d e  f o r  30 m i n u t e s .
Concentration 0 ,Time f Lactate: 3-hydroxybutyrate:
(min) 0 / 2 Pyruvate Acetocetate
0
control 3.2 + 0.2 3.6 + 0.02
12.5 3.6 + 0.3 3.3 + 0.02
50 3.4 + 0.4 5.1 + 0.02
30
control 3.6 + 0.1 1.13 + 0.03
12.5 5.2 + 0.1 1.11 + 0.04
50 8.0 + 1.5 1.10 + 0.03
60
control 3.9 + 0.6 1.04 + 0.01
12.5 5.6 + 0.1 0.98 + 0.02
50 6.4 + 0.2 *0.72 + 0.03
90
control 5.3 + 0.4 1.06 + 0.04
12.5 *•8.1 + 0.5 0.89 + 0.02
50 *16.5 + 1.5 *0.48 + 0.04
H epatocytes from  fe d  r a t s  were p re - t re a te d  w ith  cadmium c h lo r id e  {1 2 .5  o r  
50[iM f i n a l  c o n c e n tra tio n s ;  c o n t ro ls  c o n ta in in g  no cadmium) f o r  30 m in u te s , a f t e r  w h ich  
th e  ca d m ium -co n ta in in g  medium was removed by rep lacem ent w ith  f re s h  medium and the  
h e p a to c y te  suspensions in c u b a te d  f o r  a f u r t h e r  90 m in u te s .
Each va lu e  re p re s e n ts  th e  mean + SEM ( n = 3 -4  o b s e rv a tio n s  from  a s in g le  
e x p e rim e n t) .
Significantly different from controls *(p < 0.05).
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CdCl .2 respectively; cf. 1.06 w i t h  'control' suspensions). 
These r e s u l t s  w e r e  s i m i l a r  to  t h o s e  o b t a i n e d  f r o m  
hepatocytes n ot p r e - t r e a t e d  w i t h  c a d m i u m  c h l o r i d e .  The 
high initial 3-hydroxybutyrate:acetoacetate ratios (3-5) 
were p r o b a b l y  d u e  to the v e r y  l o w  a c e t o a c e t a t e  c o n c e n ­
trations remaining after washing, giving falsely high 3- 
h y d r o x y b u t y r a t e :acetoacetate ratios.
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The validity of experiments in v i t r o  using isolated 
hepatocytes d e p e n d s  v e r y  m u c h  on the q u a l i t y  of cell 
preparation. T h e r e f o r e ,  c e r t a i n  c r i t e r i a  h a s  to be 
established to t e s t  the c e l l u l a r  v i a b i l i t y  of t h e s e  
cells. A n  i n t a c t  p l a s m a  m e m b r a n e  is n e c e s s a r y  f o r  
adequate f u n c t i o n i n g ,  a n d  h e n c e  sur v i v a l ,  of all cells. 
Criteria for the a s s e s s m e n t  of v i a b i l i t y  i n c l u d e  t e sts  
for cellular integrity such as dye exclusion, leakage of 
cellular constituents and the penetration of NADH through 
the cell m e m b r a n e  (Pfaff et  a l . f 1980).
In the p r e s e n t  st u d i e s ,  t r y p a n  b l u e  e x c l u s i o n  and 
the l e a k a g e  of c e l l u l a r  L D H  p r o v e d  to be s i m p l e  a nd 
reliable c r i t e r i a  f o r  t h e  a s s e s s m e n t  of h e p a t o c y t e  
viability on e x p o s u r e  to c a d m i u m  c h l oride. T h e  r e l e a s e  
of L D H  i nto the m e d i u m  on e x p o s u r e  to c a d m i u m  c h l o r i d e  
was r e l a t e d  to the v i a b i l i t y  d e t e r m i n e d  by t r y p a n  b l u e  
exclusion (Fig. 2.1 & 2.2). U n l i k e  M u l l e r  (1984), B a u r  
et al. (1975) a n d  P f a f f  e t  al. (1980 ) s u g g e s t  t h a t  d y e - 
exclusion a nd e n z y m e  l e a k a g e  are e q u i v a l e n t  in t h e i r  
assessment of overall cell damage, a conclusion supported 
by the p r e s e n t  studies. T h e r e f o r e ,  b o t h  of t h e s e  t e sts 
were u s e d  in th e  r o u t i n e  m o n i t o r i n g  of c e l l u l a r  d a m a g e  
whilst investigating the me t a b o l i c  effects of ca d m i u m  in 
hepatocyte suspensions.
2.4 DISCUSSION
Viability and morphological studies
The initial viability of hepatocyte suspensions
from b o t h  fed a nd s t a r v e d  r ats w e r e  c o n s i s t e n t  w i t h  
published values (> 90% - Cameron-Clarke e t  al., 1983 and 
> 86% - G r e e n  e t  al., 198 3  for h e p a t o c y t e s  f r o m  fed
rats). It was necessary to investigate the behaviour of 
hepatocytes f r o m  b o t h  fed a nd s t a r v e d  rats b e c a u s e  of the 
nature of subsequent experiments.
The d e l e t e r i o u s  e f f e c t s  of h igh d o s e s  of c a d m i u m  
chloride (SOpM) on c e l l u l a r  v i a b i l i t y  (Fig. 2.1 & 2.2) 
had b e e n  o b s e r v e d  in s i m i l a r  s t u d i e s  u s i n g  f r e s h l y  
isolated ( M u l l e r  & O h n e s o r g e ,  1982; M u l l e r ,  1984) and 
cultured hepatocytes (Santone e t  al., 1982). Starvation 
is k n o w n  to m o d i f y  the toxic response of c a d m i u m  chloride 
in isolated hepatocytes (Muller & Ohnesorge, 1982). In 
this study, the increased susceptibility of hepatocytes 
isolated from starved rats (Fig. 2.1-B) was demonstrated 
in an a c c e l e r a t e d  m e m b r a n e  p e r m e a b i l i t y  p r e c e d e d  by 
morphological c h a n g e s  as i n d i c a t e d  by b l e b b i n g  of the 
plasma m e m b r a n e  (Fig. 2.3 & 2.4) a f t e r  an hour's e x p o s u r e  
to 50pM c a d m i u m  chloride, w i t h  little change in cellular 
v i a b i l i t y .
The f o r m a t i o n  of s u r f a c e  b l e b s  is a n  e a r l y ,  
reversible sign of t o x i c  i n j u r y  to h e p a t o c y t e s  p r i o r  to 
other indications of dama g e  (Orrenius et  al., 1983). The 
cellular conditions i m m e d i a t e l y  responsible for induction 
of bleb formation are depletion of glutathione and extra- 
mitochondrial c a l cium (Jewell e t  al., 1982), and in some 
instances, a c c o m p a n i e d  by  a d e p l e t i o n  of A T P  (Cornell,
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1985). T h e  d e c r e a s e  in t h e  g l u t a t h i o n e  c o n t e n t  of 
hepatocyte s u s p e n s i o n s  in th e  p r e s e n t  s t u d y  (Table 2.1) 
is c o n s i s t e n t  w i t h  t h e s e  o b s e r v a t i o n s .  Also, M u l l e r  & 
Ohnesorge (1982, 1984) reported a decrease in glutathione 
and t he A T P / A D P  a n d  A T P / A M P  r a t i o s  of c a d m i u m - t r e a t e d  
hepatocytes f r o m  s t a r v e d  rats. S o r e n s e n  e t  al. ( 1984 ) 
observed a n  i n c r e a s e  in  b l e b  f o r m a t i o n  in  p r i m a r y  
cultures of r a t  h e p a t o c y t e s  e x p o s e d  to c a d m i u m  c h l o r i d e  
when c a lcium was o m i t t e d  from the medium.
In s u m m a r y ,  e x p o s u r e  to c a d m i u m  c h l o r i d e  (12.5 & 
50pM) resulted in an eventual decline in cell viability, 
preceded by m o r p h o l o g i c a l  c h a n g e s  i m p l i c a t i n g  a 
disturbance of thiol and ca l c i u m  homeostasis. The actual 
mechanism(s) b y  w h i c h  c a d m i u m  e x e r t s  i t s  c y t o t o x i c  
effects in i s o l a t e d  r a t  h e p a t o c y t e s  is u n c l e a r  (Stacey,
1986). Although the increase in m e m b r a n e  p ermeability on 
exposure to c a d m i u m  c h l o r i d e  m a y  be  d u e  to d i r e c t  
interaction w i t h  t he p l a s m a  m e m b r a n e  ( s e c t i o n  1.6.1), a 
derangement of m e t a b o l i c  p r o c e s s e s  m a y  o c c u r  b e f o r e  
membrane d a m a g e .  H o w e v e r ,  to do so, t he m e t a l  w o u l d  
first n e e d  to e n t e r  th e  cell b e f o r e  it c o u l d  i n t e r a c t  
with the intracellular constituents.
Uptake
The p a t t e r n  of u p t a k e  of c a d m i u m  o b s e r v e d  (Fig.
2.5) has also been reported in rat hepatocyte suspensions 
(Stacey & K l a a s s e n ,  1980) a nd E h r l i c h  a s c i t e s  t u m o u r
-69-
cells ( S o l a i m a n  et  al., 1979). P u b l i s h e d  w o r k  (s e c t i o n
1.6.1) s u g g e s t s  t h a t  t h e  i n i t i a l  r a p i d  u p t a k e  is a 
passive, c a r r i e r -mediated and saturable process, whereas 
the second slower phase m i g h t  be related to intracellular 
binding of cadmium. In the present study and in contrast 
to t h a t  of M u l l e r  & OJbnesorge (1982 ), h e p a t o c y t e s  f r o m  
starved rats exhibited a faster initial rate of c a d m i u m -  
uptake, f o l l o w e d  by a m u c h  r e d u c e d  s e c o n d  p h a s e  (Fig. 
2.5-B). T h e  d e p l e t i o n  of c e l l u l a r  g l u t a t h i o n e  in
starvation ( V i n a  e t  a l . ,  1 9 7 8 ) m a y  i n c r e a s e  t h e  
susceptibility of s o m e  i n t r a c e l l u l a r  c o m p o n e n t s  to the 
effects of c a d m i u m  c h l o r i d e  s i n c e  an i n c r e a s e  in the 
number of intracellular binding sites for c a d m i u m  could 
result in a initial rapid uptake of cadmium, followed by 
a s l o w e r  s e c o n d  p h a s e  d u e  to s a t u r a t i o n  of t he b i n d i n g  
sites. In an y  case, t h e  g r e a t e r  q u a n t i t y  of c a d m i u m  
accumulated could account for the enhanced susceptibility 
of hepatocytes isolated from starved rats, as observed in 
the present studies.
Changes i n  t h e  c y t o s o l i c  a n d  m i t o c h o n d r i a l  r e d o x  
state
Alterations in c e l l u l a r  m e t a b o l i s m  on e x p o s u r e  to 
ca d mium h a v e  b e e n  r e p o r t e d  to o c c u r  i n  v i v o  (Sporn e t  
al., 1970) a n d  in i s o l a t e d  l i v e r  cell s y s t e m s  (Stacey et 
a l . r 1980). T h e  o b j e c t  of t he f i r s t  p a r t  of this s t u d y  
was to c o n f i r m  t he f i n d i n g s  of o t h e r  w o r k e r s  of an 
increase in t h e  l a c t a t e i p y r u v a t e  r a t i o  in f r e s h l y  
isolated (Stacey e t  a l . f 1980) a nd c u l t u r e d  ( S a n t o n e  et
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c h l o r i d e .
In the p r e s e n t  study, e x p o s u r e  to c a d m i u m  c h l o r i d e  
resulted in a n  e l e v a t e d  1 a c t a t e  : p y r u v a t e  r a t i o  as 
measured in h e p a t o c y t e s  f r o m  fe d  a n i m a l s  (Fig. 2.7 & 
2.8). This w as principally due to a significant increase 
in lactate production, although the subsequent decline in 
pyruvate also contributed towards the higher ratio at the 
later s t a g e  ( F i g .  2 . 6 ) .  S i n c e  t h e  e l e v a t e d  
l a c t a t e :pyruvate r a t i o  w a s  r e l a t e d  to the c o n c e n t r a t i o n  
of c a d m i u m  c h l o r i d e  e m p l o y e d  (Fig. 2.8), it w a s  m o r e  
practical to c h o o s e  t w o  d o s e s  of c a d m i u m  (12.5 & 5 0 p M  
C d C l 2 ) for subsequent experiments.
Mitochondria are particularly susceptible to c a d m i u m  
(Kajikawa e t  al., 1981; N i c h o l s o n  & K e n d a l l ,  1983) a nd 
Muller & O h n e s o r g e  (1984) s h o w e d  a d e c r e a s e  in t he A T P  
content of r a t  h e p a t o c y t e s  a t t r i b u t e d  to an  e f f e c t  of 
ca d m i u m  on  t h e  r e s p i r a t o r y  chain. S u c h  a b r e a k d o w n  in 
mitochondrial e n e r g y  p r o d u c t i o n  w o u l d  r e l e a s e  t he A T P -  
controlled i n h i b i t i o n  of p h o s p h o f r u c t o k i n a s e , c a u s i n g  a 
continuous increase in the rate of glycolysis and lactate 
production, a n d  h e n c e  t h e  i n c r e a s e d  1 a c t a t e s p y r u v a t e  
ratio. Since the ratio of lactateipyruvate concentration 
in w h o l e  t i s s u e  is a r e f l e c t i o n  of the s t a t e  of t h e  f r e e  
NADH:NAD r a t i o  in t he c y t o s o l  a s s u m i n g  t h a t  t he pH of the 
different c e l l u l a r  c o m p a r t m e n t s  r e m a i n  c o n s t a n t  
(Williamson e t  a l . ,  1 9 6 7 ) ,  t h e  i n c r e a s i n g  
l a c t a t e : pyruvate r a t i o  o b s e r v e d  m i g h t  s u g g e s t  a 
progressively reduced cytosolic redox state. v
a l ., 1 98 2 ) rat hepatocytes on exposure to cadm i u m
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Under fed conditions, liver glycogen serves as the 
chief s t o r e  of p l a s m a  g l u c o s e .  S t u d i e s  in r a t s  h a v e  
shown t h a t  s t a r v a t i o n  for 4 8h c a u s e d  a 25% d e c r e a s e  in 
the p l a s m a  level of g l u c o s e  a n d  i n c r e a s e s  in the l e v e l s  
of f a t t y  a c i d s  a nd k e t o n e  b o d i e s  ( m a i n l y  3 - h y d r o x y ­
b utyrate a n d  a c e t o a c e t a t e )  of a b o u t  2 - f o l d  a nd 1 0 - f o l d  
respectively (Hawkins e t  al., 1971a & b). In particular, 
ketone b o d y  u t i l i s a t i o n  a c c o u n t e d  for a b o u t  20% of the 
fuel r e q u i r e m e n t  b y  t h e  b r a i n  ( H a w k i n s  e t  a l „ r 1971a). 
Ketone b o d i e s  a re f o r m e d  by a s p e c i f i c  b i o s y n t h e t i c  
pathway in the l i v e r  (Fig. 2.13) a n d  the h i g h e r  c o n c e n ­
tration of k e t o n e  b o d i e s  m e a s u r e d  in h e p a t o c y t e s  f r o m  
starved rat s  (Table 2.2) w o u l d  be e x p e c t e d .  E x p o s u r e  to 
c a d m i u m  c h l o r i d e  r e s u l t e d  in a m a r k e d  d e c l i n e  in the 3- 
h y d r o x y b u t y r a t e :acetoacetate r a t i o  in h e p a t o c y t e  s u s p e n ­
sions f r o m  b o t h  fed a n d  s t a r v e d  r a t s  (Fig. 2.10 & 2.12). 
The m a j o r  f a c t o r  in t h i s  w a s  the s i g n i f i c a n t  d e p r e s s i o n  
of 3 - h y d r o x y b u t y r a t e  p r o d u c t i o n  on e x p o s u r e  to c a d m i u m  
chloride s i n c e  t h e r e  w a s  l i t t l e  c h a n g e  in a c e t o a c e t a t e  
production o v e r  the t w o  h o u r  i n c u b a t i o n  p e r i o d  (Fig. 2.9 
& 2.11). D e c r e a s e s  in t he 3 - h y d r o x y b u t y r a t e  p r o d u c t i o n  
resulted in the significant decrease in total ketone body 
concentration a f t e r  60 m i n  i n c u b a t i o n  w i t h  c a d m i u m  
chloride (Table 3.2).
Assuming t h a t  t he pH of t he d i f f e r e n t  c e l l u l a r  
compartments r e m a i n  c o n s t a n t ,  a d e c r e a s e  in  t h e  3- 
h y d r o x y b u t y r a t e :acetoacetate r a t i o  is i n d i c a t i v e  of a 
decrease in mitoc h o n d r i a l  NADH concentrations, suggesting
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F i g  2 . 1 3  B i o s y n t h e s i s  o f  k e t o n e  b o d i e s  in t h e  l i v e r .
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an oxidised mitochondrial redox state (Williamson et al., 
1967). S u c h  a s i t u a t i o n  c o u l d  a r i s e  f r o m :  (a) an
impairment in the m i t o c h o n d r i a l  s y n t h e s i s  of NADH, (b) a 
decrease in K r e b  c y c l e  p r e c u r s o r s ,  (c) an i m p a i r m e n t  in 
the shuttling of cytosolic NADH into the mitochondria or 
(d) by an i n c r e a s e  in the u t i l i s a t i o n  of N A D H  in the 
m i t o c h o n d r i a .
An i m p a i r m e n t  of NADH synthesis (a) could occur as 
a direct interaction of c a d m i u m  with the enzymes of the 
Krebs cycle. Indeed, the presence of thiol groups on the 
NAD-linked d e h y d r o g e n a s e s  p r e s e n t  t h e m  as p o s s i b l e  
targets, a n d  c a d m i u m  has b e e n  s h o w n  to b i n d  to the lipoyl 
moiety of p y r u v a t e  d e h y d r o g e n a s e  (Stein & Stein, 1971). 
A  d e c r e a s e  in the a v a i l a b i l i t y  of p r e c u r s o r s  (b) w o u l d  
also r e s u l t  in a d e p l e t i o n  of m i t o c h o n d r i a l  NADH. A l ­
though pyruvate is considered to be a pe r m e a n t  anion, its 
uptake is a l s o  m e d i a t e d  by a s p e c i f i c  c a r r i e r  t r a n s p o r t  
system (Tzagoloff, 1982). T h e r e  is no d o c u m e n t e d  e v i ­
dence so far to s u g g e s t  t h a t  c a d m i u m  a f f e c t s  p y r u v a t e  
uptake at the m i t o c h o n d r i a l  m e m b r a n e .  O t h e r  p r e c u r s o r s  
such as malate, involved in shuttling cytosolic NADH (c) 
into the m i t o c h o n d r i a ,  w o u l d  be t r a n s p o r t e d  via the di- 
carboxylate c a r r i e r ,  w h i c h  is s p e c i f i c a l l y  i n h i b i t e d  by 
sulphydryl r e a g e n t s  (Tzagoloff, 1982). It is u n l i k e l y  
that an  i n c r e a s e  in m i t o c h o n d r i a l  A T P  has o c c u r r e d  
resulting in an inhibition of either citrate synthase or 
the NAD-dependent isocitrate dehydrogenase, since Muller 
& O h n e s o r g e  (1984) h a v e  d e m o n s t r a t e d  a d e c r e a s e  in A TP
concentrations in h e p a t o c y t e s  e x p o s e d  to c a d m i u m  
c h l o r i d e .
An i n c r e a s e  in t h e  u t i l i s a t i o n  of N A D H  (d) c o u l d  
result in its depletion in the mitochondria. Uncoupling 
of o x i d a t i v e  p h o s p h o r y l a t i o n  h a s  b e e n  o b s e r v e d  in 
isolated mitochondria (Fletcher et al„, 1962; Fluharty & 
Sanadi. 1963; D i a m o n d  & Kench, 1974). H o w e v e r ,  c a d m i u m  
chloride was also seen to inhibit cellular respiration in 
isolated m i t o c h o n d r i a  ( C a m e r o n  e t  al., 1983), and in 
hepatocyte s u s p e n s i o n s  ( M u l l e r  & O b n e s o r g e ,  1 9 84). 
Therefore, one of the o b j e c t i v e s  of s u b s e q u e n t  s t u d i e s  
has been to investigate the m e c h a n i s m s  by w h i c h  c a d m i u m  
chloride c o u l d  i n d u c e  an o x i d i s e d  m i t o c h o n d r i a l  r e d o x  
state in the h e p a t o c y t e ,  s i n c e  the a v a i l a b l e  e v i d e n c e  
suggests t h a t  t h i s  c o n d i t i o n  is l i k e l y  to be d u e  to 
either a d i r e c t  i n h i b i t i o n  of c e l l u l a r  r e s p i r a t i o n ,  or 
uncoupling of oxidative phosphorylation.
A s m a l l  s t u d y  w a s  c o n d u c t e d  to i n v e s t i g a t e  the 
effect of p r e - t r e a t m e n t  a g a i n s t  c o n t i n u o u s  i n c u b a t i o n  
with c a d m i u m  c h l o r i d e ,  s i n c e  the m e t a b o l i c  c h a n g e s  
observed m i g h t  be the result of prolonged treatment w ith 
cadmium. H e p a t o c y t e s  e x p o s e d ^ c a d m i u m  for 30 m i n  o n l y  
displayed similar metabolic changes after removal of the 
cadmium-containing m e d i u m  as t h o s e  e x p o s e d  to c a d m i u m  
over the w h o l e  of t he i n c u b a t i o n  period. Thi s  w a s  
probably b e c a u s e  m o s t  of the m e t a l  ion ha d  a l r e a d y  b e e n
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taken up in the first 30 m i n  of exposure to c a d m i u m  (Fig.
2.5). Therefore, for practical purposes, the studies in 
subsequent c h a p t e r s  w e r e  c o n d u c t e d  u s i n g  the m e t h o d  of 
continuous i n c u b a t i o n  w i t h  c a d m i u m  c h l o r i d e .  If a 
shorter period of pre-exposure to c a d m i u m  chloride (e.g. 
15 min) had b e e n  used, the m e t a b o l i c  c h a n g e s  o b s e r v e d  
would mos t  likely have displayed a diminished response.
In conclusion, these initial studies of the uptake 
of c a d m i u m  chloride and its effects on cell viability and 
the c e l l u l a r  r e d o x  s t a t e s  h a v e  p r o v i d e d  the b a s i s  for 
further i n v e s t i g a t i o n  i n t o  the m e c h a n i s m s  by w h i c h  
c admium exerts its toxic effects.
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1. Viability as assessed by trypan blue exclusion and 
leakage of cellular LDH showed a slight decline in- 
hepatocytes exposed to high doses of cadmium. This 
effect was accentuated in hepatocytes from starved 
r a t s .
2. In h e p a t o c y t e s  f r o m  s t a r v e d  rats, m o r p h o l o g i c a l  
changes p r e c e d e d  a n  i n c r e a s e  i n  m e m b r a n e  
permeability, as i n d i c a t e d  by  b l e b b i n g  of t h e  
plasma m e m b r a n e  after exposure to c a d m i u m  chloride. 
The significant decrease in the glutathione content 
of h e p a t o c y t e  s u s p e n s i o n s  m a y  a c c o u n t  for the 
phenomenon of blebbing observed.
3. Hepatocytes in s u s p e n s i o n s  e x h i b i t e d  a r a p i d  
initial u p t a k e  of c a d m i u m  c h l o r i d e ,  f o l l o w e d  by a 
second slower phase. Hepatocytes from starved rats 
accumulated m o r e  m e t a l ,  w h i c h  m a y  c o n t r i b u t e  to 
their enhanced susceptibility to c a d m i u m  chloride.
4. Exposure to c a d m i u m  c h l o r i d e  r e s u l t e d  in a 
significant increase in the lactate:pyruvate ratio 
in h e p a t o c y t e  s u s p e n s i o n s  f r o m  fed rats, w i t h  a 
substantial d e c r e a s e  in the 3 - h y d r o x y b u t y r a t e :  
acetoacetate r a t i o  in h e p a t o c y t e  s u s p e n s i o n s  f r o m  
both fed and starved rats. This could be due to an 
impairment in e n e r g y  p r o d u c t i o n ,  c a u s e d  by e i t h e r
2.5 SUMMARY
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an i n h i b i t i o n  of N A D H  s y n t h e s i s  or u n c o u p l i n g  of 
oxidative phosphorylation.
5. Hepatocytes pre-incubated with c a d m i u m  chloride for 
30 m i n  s h o w e d  s i m i l a r  m e t a b o l i c  c h a n g e s  o v e r  the 
next 90 m in after removal of the c a d m i u m -containing 
m e d i u m  w h e n  c o m p a r e d  w i t h  h e p a t o c y t e s  i n c u b a t e d  
with c a d m i u m  c h l o r i d e  for up to t w o  hours.
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Exposure to c a d m i u m  p r o d u c e s  u l t r a s t r u c t u r a l  and 
functional a l t e r a t i o n s  of th e  m i t o c h o n d r i a  (r e v i e w  - 
Webb, 1979). A c c u m u l a t i o n  of c a d m i u m  occurs in isolated 
mitochondria ( S a r i s  & J a r v i s a l o ,  1 97 7) a n d  in t h e  
mitochondria of hepatocytes exposed to the metal (Failla 
et al., 1979 ; M u l l e r  & Oinnesorge, 1984 ). T h e  i n h i b i t i o n  
of c e l l u l a r  r e s p i r a t i o n  h a s  a l s o  b e e n  r e p o r t e d  in 
hepatocytes ( M u l l e r  & O i m e s o r g e ,  1984) a n d  m a c r o p h a g e s  
(Mustafa & Cross, 1977) exposed to cadmium.
While u n c o u p l i n g  of o x i d a t i v e  p h o s p h o r y l a t i o n  has 
been o b s e r v e d  in m i t o c h o n d r i a  i s o l a t e d  f r o m  r a t s  a f t e r  
chronic exposure to c a d m i u m  (Diamond & Kench, 1974; Toury 
et al., 1985) and w h e n  a d d e d  in v i t r o  to m i t o c h o n d r i a L  
preparations f r o m  u n t r e a t e d  r a t s  (Jacobs e t  al., 1956; 
Fluharty & Sanadi 1961, 1962; Mustafa & Cross, 1971), the 
inhibition of m i t o c h o n d r i a l  e l e c t r o n  t r a n s p o r t  has a l s o  
been r e p o r t e d  f r o m  s i m i l a r  s t u d i e s  in v i t r o  ( M u s t a f a  & 
Cross, 1971; D i a m o n d  & Kench, 1974; C a m e r o n  e t  al., 
1983; M u l l e r  & O h n e s o r g e ,  1984 ). It has b e e n  s u g g e s t e d  
that c a d m i u m  m i g h t  affect a respiratory step prior to the 
entry of reducing equivalents into the cytochrome system, 
since these rema i n  oxidised at concentrations of c a dmium 
inhibitory to electron transport (Mustafa & Cross, 1971; 
Diamond & Kench, 1974).
3.1 INTRODUCTION
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Interference w i t h  m i t o c h o n d r i a l  f u n c t i o n  has b e e n  
proposed as a m e c h a n i s m  of c a d m i u m  t o x i c i t y  in i s o l a t e d  
rat h e p a t o c y t e s  ( M u l l e r  & O h n e s o r g e ,  1984 ) .  A l s o ,  
studies in the previous chapter have suggested an effect 
of c a d m i u m  on cellular energy production. Therefore, the 
aim of this series of experiments was to investigate the 
mec h a n i s m  by w h i c h  c a d m i u m  c o u l d  i n d u c e  an o x i d i s e d  
mitochondrial redox state in hepatocyte suspensions.
For t h i s  p u r p o s e ,  o n l y  h e p a t o c y t e s  f r o m  s t a r v e d  
rats w e r e  u s e d  a nd t h e s e  w e r e  i n c u b a t e d  in the p r e s e n c e  
of v a r i o u s  s u b s t r a t e s ,  n a m e l y  lactate, p y r u v a t e  and 
succinate, a nd t he r a t e s  of o x y g e n  c o n s u m p t i o n  m e a s u r e d  
using an  o x y g e n  e l e c t r o d e .  T he u n c o u p l e r  of o x i d a t i v e  
phosphorylation, c a r b o n y l c y a n i d e - m - c h l o r o p h e n y 1 h y d r a z o n e  
(C C C P ) w a s  u s e d  to i n v e s t i g a t e  the e f f e c t  of u n c o u p l i n g  
in the p r e s e n c e  of c a d m i u m  chloride. S t u d i e s  of the 
effect of c a d m i u m  c h l o r i d e  on the rat e  of o x i d a t i o n  of 
F A D H 2 were also carried out using rotenone, an inhibitor 
of NADH dehydrogenase.
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Details of the animals used and the preparation of 
hepatocytes a r e  g i v e n  in s e c t i o n s  2.2.1 a n d  2.2.2 of 
Chapter 2. All c h e m i c a l s  w e r e  o b t a i n e d  f r o m  the S i g m a  
Chemical Co., Poole, Dorset, unless specified otherwise.
3.2.1 MEASUREMENT O F  O X Y G E N  U P T A K E  I N  H E P A T O C Y T E
SUSPENSIONS
This s e r i e s  of e x p e r i m e n t s  i n v o l v e d  the use of an
oxygen electrode (Clark) in the study of oxygen uptake in
"from
hepatocytes i s o l a t e d ^ s t a r v e d  rats only. T h e  c h a n g e s  in 
oxygen c o n s u m p t i o n  w e r e  m o n i t o r e d  in the p r e s e n c e  of 
various substrates (lactate, pyruvate and succinate) and 
after the addition of CCCP and rotendne.
Incubations
Hepatocytes isolated from starved rats wer e  diluted 
to 2 - 2.5 x 10^cells/ml w i t h  incubation m e d i u m  (section 
2.2.2), placed into 50ml conical flasks in 10ml aliquots 
and i n c u b a t e d  in a s h a k i n g  w a t e r  bat h  at 37°C. V a r i o u s  
substrates (lactate, p y r u v a t e  and s u c c i n a t e ;  0.2M s t o c k  
solution of t h e  s o d i u m  s a l t  in d i s t i l l e d  w a t e r )  
were a d d e d  to t h e  h e p a t o c y t e  s u s p e n s i o n s  to a final 
concentration of I m M  t o g e t h e r  w i t h  t he c a d m i u m  c h l o r i d e  
(12.5 a nd 50pM, f i nal c o n c e n t r a t i o n  - S e c t i o n  2.2.3) at 
the s t a r t  of the i n c u b a t i o n .  At t i m e d  i n t e r v a l s ,  2ml 
aliquots of hepatocyte suspension were removed from the 
incubation f l a s k s  a n d  p l a c e d  i n t o  t h e  c h a m b e r  of a
3.2 MATERIALS AND METHODS
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standard C l a r k  o x y g e n  e l e c t r o d e  ( R a n k  B r o t h e r s ,  
Cambridge. U K) f i t t e d  w i t h  a w a t e r  j a c k e t  a n d  a 
circulating p u m p  a t t a c h e d  to a t h e r m o s  t a t t e d  w a t e r  b a t h  
at 37°C. Oxygen consumption was monitored for 1 minute, 
followed b y  t h e  a d d i t i o n  of 5 pi of t h e  u n c o u p l e r ,  
carbonylcyanide-m-chlorophenylhydrazone ( C C C P ;  l m g / 5 m l  
90% e t h a n o l ) .  A f t e r  r e c o r d i n g  o x y g e n  u p t a k e  f o r  a 
further m i n u t e ,  5pl of the i n h i b i t o r ,  r o t e n o n e  ( l m g / 5 m l  
90% ethanol), w a s  i n j e c t e d  i n t o  the c h a m b e r  a nd o x y g e n  
consumption m o n i t o r e d  for a final minute.
In the investigation of the effect of pre-treatment 
with c a d m i u m  c h l o r i d e  o n  s u c c i n a t e - s t i m u  1 a t e d  
respiration, hepatocyte suspensions were incubated w i t h  
cadmium c h l o r i d e  as d e s c r i b e d  above, but in the a b s e n c e  
of a n y  a d d e d  s u b s t r a t e .  A t  t i m e d  i n t e r v a l s ,  2 m l  
hepatocyte suspension was removed and oxygen consumption 
monitored f o r  1 m i n u t e .  T h i s  was' f o l l o w e d  by  t h e  
addition of s u c c i n a t e  (ImM, f i n a l c o n c e n t r a t i o n  - 0.2M 
stock s o l u t i o n  in d i s t i l l e d  w a t e r )  a nd o x y g e n  u p t a k e  
recorded for a f u r t h e r  m i n u t e .  C C C P  an d  r o t e n o n e  w e r e  
then added as described above. A s u m m a r y  of the experi­
mental d e s i g n  is s h o w n  in Fig. 3.1.
C alibration
The o x y g e n  e l e c t r o d e  w a s  c a l i b r a t e d  to zero u s i n g  
2-5mg solid sodium dithionite and at m a x i m u m  deflection 
with i n c u b a t i o n  m e d i u m  a l l o w e d  to e q u i l i b r a t e  in a
F ig  3 . 1 .  E x p e r i m e n t a l  d e s ig n  t o  i n v e s t i g a t e  t h e  e f f e c t  o f
cadmium c h l o r i d e  on oxygen co n su m p t io n  in  h e p a t o c y t e
s u s p e n s i o n s .
coj
1
  *
time (min)
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shaking w a t e r  b a t h  a t  37°C. T h e  c o n c e n t r a t i o n  of 
dissolved o x y g e n  in t h e  i n c u b a t i o n  m e d i u m  u s e d  w a s  
assumed, to be 2 0 7 n m o l / m l ,  the v a l u e  o b t a i n e d  for 0.1M 
phosphate buffer pH7.2 at 35°C as determined by Chappell 
(1964). T h e r e f o r e ,  it w a s  p o s s i b l e  to c a l i b r a t e  the 
chart w i dth in units of nmol dissolved oxygen/ml buffer. 
This procedure was carried out before the c o m m e n c e m e n t  of 
each day's experiments.
Other m e t h o d s  of c a l i b r a t i o n  i n c l u d e  the use of 
enzyme mixtures such as glucose oxidase and catalase, or 
electron transport particles. However, the necessity for 
freshly p r e p a r e d  s o l u t i o n s  a nd l o n g e r  c a l i b r a t i o n  t i m e  
made t h e s e  p r o c e d u r e s  i m p r a c t i c a l  for u se w i t h  f r e s h l y  
isolated hepatocytes.
Analysis of Results
The rates of oxygen consumption by the hepatocytes 
in s u s p e n s i o n  w e r e  c a l c u l a t e d  f r o m  the s l o p e  of e a c h  
trace and e x p r e s s e d  as u n i t s  of n m o l  o x y g e n  c o n s u m e d /  
1 0 6 cells/min as s h o w n  b e l o w :
1 paper division (A) = b nmol C^/ml
c
= b 1 nmol O 2 / I 06  
c d
where b = concentration of d i s s o l v e d  o x y g e n  in b u f f e r  
at 37°C (207nmol 0 2 /ml)
c = m a x i m u m  d e f l e c t i o n  of c h a r t  r e c o r d e r  (in 
terms of paper divisions, in this case, 100) 
d = concentration of h e p a t o c y t e s  in s u s p e n s i o n  
(1 06/ m l )
Rate of oxygen consumption = s x A nmol C^/lO^cells/min 
where s = slope of trace 
For the s t a t i s t i c a l  a n a l y s i s  of r e s u l t s ,  see s e c t i o n
2.2.9 .
The uncoupled rate of NADH oxidation was calculated from 
the difference b e tween the uncoupled rate (after addition 
of C C C P ) and the NADH dehydrogenase inhibited rate (after 
subsequent a d d i t i o n  of r o t e n o n e )  i.e r a t e  of b - rate of 
c as shown below.
The r e s p i r a t o r y  c o n t r o l  i n d e x  (R.C.I.) w a s  t he r a t i o  of 
oxygen u p t a k e  in  t h e  p r e s e n c e  a n d  a b s e n c e  of t h e  
uncoupler, CCCP, i.e. t he r a t e  of b / r a t e  of a as s h o w n  
below (Dubinsky & Cockrell, 1974).
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Due t o  t h e  e x p e r i m e n t a l  d e s i g n  o f  t h e  i n v e s t i g a t i o n  
i n t o  t h e  e f f e c t  o f  c a d m i u m  c h l o r i d e  o n  c e l l u l a r  
r e s p i r a t i o n ,  i t  w a s  n e c e s s a r y  t o  c o m p a r e  e n d o g e n o u s  
r e s p i r a t i o n  r a t e s  w i t h  t h o s e  o b t a i n e d  a f t e r  t h e  a d d i t i o n  
o f  v a r i o u s  s u b s t r a t e s  ( l a c t a t e ,  p y r u v a t e  a n d  s u c c i n a t e )  
i n  t h e .  p r e s e n c e  o f  1 2 . 5  and 5 0 pM cadm ium  c h l o r i d e  ( T a b l e
3 . 1 ) .  T h e  b a s a l  r a t e  o f  o x y g e n  c o n s u m p t i o n  i n  c o n t r o l  
s u s p e n s i o n s  o f  h e p a t o c y t e s  w a s  2 1 n m o l  0 2 / l 0 Dc e l I s / m i n  
i n i t i a l l y  a n d  a f t e r  30  m i n ,  b u t  d e c r e a s e d  t o  1 7 . 8 n m o l  
O2 / 1 0 6 c e l l s / m i n  a f t e r  6 0  m i n .  T h e r e  w a s  no  c h a n g e  i n  
o x y g e n  u p t a k e  a f t e r  30 m i n  i n c u b a t i o n  w i t h  e i t h e r  12 . 5  o r  
5 0 jjM cadm ium  c h l o r i d e .  H o w e v e r ,  e x p o s u r e  t o  5 0 ]uM cadm ium
c h l o r i d e  f o r  60  m i n  r e s u l t e d  i n  a d e c r e a s e  ( 2 9 %) i n  t h e
b a s a l  r a t e  o f  c e l l u l a r  r e s p i r a t i o n .
An i n c r e a s e  i n  t h e  e n d o g e n o u s  r e s p i r a t i o n  r a t e  o f  
c o n t r o l  s u s p e n s i o n s  o f  h e p a t o c y t e s  w a s  o b s e r v e d  i n  t h e  
p r e s e n c e  o f  ImM p y r u v a t e  ( 2 4 %) and s u c c i n a t e  ( 5 6 %) a t  t h e  
s t a r t  o f  i n c u b a t i o n s  and w i t h  ImM l a c t a t e  ( 1 3 % i n c r e a s e )  
a f t e r  30  m i n .  When h e p a t o c y t e s  w e r e  p r e s e n t e d  w i t h  
e i t h e r  m a l a t e ,  c i t r a t e ,  o( - k e t o g l u t a r a t e  o r  g l u t a m a t e  ( a l l  
a t  Im M ,  f i n a l  c o n c e n t r a t i o n ) ,  t h e r e  w a s  n o  d e t e c t a b l e  
s t i m u l a t i o n  o f  t h e  b a s a l  r a t e  o f  c e l l u l a r  r e s p i r a t i o n  
when c o m p a re d  w i t h  h e p a t o c y t e  s u s p e n s i o n s  c o n t a i n i n g  no 
added  s u b s t r a t e .  H e p a t o c y t e s  i n c u b a t e d  w i t h  ImM l a c t a t e  
d i s p l a y e d  a d e c r e a s e  i n  o x y g e n  c o n s u m p t i o n  i n  t h e
3 . 3  RESULTS
3 . 3 . 1  B a s a l  r a t e s  and t h e  e f f e c t s  o f  added s u b s t r a t e s
presence of cadmium chloride after 30 min (11% at
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T ab le  3.1 E f f e c t  o f  cadmium c h l o r i d e  on th e  oxygen consum ption
by h e p a t o c y t e s  i s o l a t e d  from s t a r v e d  r a t s  and in c u b a t e d  in  th e
p r e s e n c e  o f  v a r i o u s  s u b s t r a t e s .
Concentra- Oxygen consumption (nmol 0 2/106 cells/min)
Time
(min) CdCl2 No added Lactate Pyruvate Succinate(pM) substrate
o
control 21.9(20.1,23.6) 21.6 + 0.9(3) 27.0 + 1.0(5) 33.8+3.0(5)
30
control 20.6(20.3,20.8) 23.3 + 2.7(3) 29.6 + 2.5(3) 28.5+0.9(3)
12.5 20.0(20.1,19.9) 20.7 + 2.0(3) 29.3 + 1.7(3) 29.2+0.9(3)
50 20.5(20.8,20.1) 21.1 + 0.8(3) 26.2+0.2(3) 29.9+0.3(3)
60
control 17.8(17.4,18.1) 19.4 + 0.8(3) 23.1+1.1(4) 27.8 + 1.1(3)
12.5 16.1(15.8,16.3) 17.4(16.6,18.1) 20.7+0.8(4) 26.7+0.9(3)
50 12.6(12.3,12.8) 17.5 + 0.9(3) 18.1+1.5(4) 24.9+1.1(3)
H ep a to cy te s  from  s ta r v e d  r a t s  w ere in c u b a te d  in  th e  a b sen ce  or  p r e se n c e  o f  v a r io u s  
s u b s t r a t e s  (ImM f i n a l  c o n c e n t r a t io n )  and cadmium c h lo r id e  ( 1 2 .5  or 50|jM f i n a l  c o n c e n t r a t io n s ,  
c o n t r o l s  c o n t a in in g  no cadmium) in  a sh a k in g  w a ter  b a th  a t  37°C . At th e  t im e s  in d ic a t e d ,  
c e l l u l a r  r e s p ir a t io n  was m easured p o la r o g r a p h ic a l ly  w ith  a sta n d a r d  C lark oxygen  e le c t r o d e  a t  
a s  a s s a y  tem p era tu re  o f  37°C .
R e s u lt s  a r e  e x p r e s se d  a s  th e  mean SEM o f  th r e e  e x p e r im e n ts  or  th e  mean o f  two e x p e r im en ts  
e x c e p t  f o r  th o s e  w ith  p y r u v a te  and s u c c in a t e  w here th e  v a lu e s  r e p r e s e n t  th e  mean + SEM (n = 3 -  5 
sa m p le s)  from  s i n g l e  r e p r e s e n t a t iv e  e x p e r im e n ts .
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1 2 . 5pM; c)% a t  5 Op.M) a n d  60  m i n  ( 1 0 %  a t  1  2 . 5 p M ; 1 0 %  a t  
SOpM)« When p y r u v a t e  was t h e  added s u b s t r a t e ,  a d e c r e a s e  
i n  o x y g e n  u p t a k e  o c c u r r e d  a f t e r  30 m in  ( 1 1 %  d e c r e a s e )  and 
60 m in  ( 2 2 %  d e c r e a s e )  e x p o s u r e  t o  50pM cadmium c h l o r i d e  
a l t h o u g h  t h o s e  d i f f e r e n c e s  w e r e  n o t  s t a t i s t i c a l l y  
s i g n i f i c a n t  i n  v i e w  o f  t h e  l a r g e  s t a n d a r d  e r r o r s  o f  mean 
o b s e r v e d .  U n l i k e  t h e  r e s u l t s  w i t h  l a c t a t e  and p y r u v a t e ,  
t h e r e  w a s  n o  s i g n i f i c a n t  e f f e c t  o f  c a d m i u m  c h l o r i d e  on  
t h e  o x y g e n  c o n s u m p t i o n  by  h e p a t o c y t e  s u s p e n s i o n s  i n  t h e  
p r e s e n c e  o f  ImM s u c c i n a t e  o v e r  t h e  e n t i r e  i n c u b a t i o n  
p e r i o d .
3 . 3 . 2  U n c o u p l i n g  o f  c e l l u l a r  r e s p i r a t i o n
Th e  e f f e c t  o f  t h e  u n c o u p l e r ,  c a r b o n y l  c y a n i d e - m -  
c h l o r o p h e n y l h y d r a z o n e  ( C C C P )  o n  t h e  l a c t a t e - s t i m u l a t e d  
r a t e  o f  r e s p i r a t i o n  i s  s h o w n  i n  T a b l e  3 . 2 . A 1 2 1 - 14-3 % 
i n c r e a s e  i n  o x y g e n  c o n s u m p t i o n  w a s  o b s e r v e d  i n  c o n t r o l  
s u s p e n s i o n s  o f  h e p a t o c y t e s  o v e r  t h e  60  m i n  i n c u b a t i o n  
p e r i o d .  Cadmium c h l o r i d e  c a u s e d  a s i g n i f i c a n t  r e d u c t i o n  
i n  s t i m u l a t i o n  o f  r e s p i r a t i o n  a f t e r  30  m i n  ( 1 1 % a t  
1 2 . 5pM; 3 6 % a t  5 0 pM) a n d  60  m i n  ( 2 6 % a t  1 2 . 5 pM; 51  % a t  
50pM).  T h e  s t i m u l a t i o n  o f  c e l l u l a r  r e s p i r a t i o n  b y  CCCP 
was e x p r e s s e d  as  a r a t i o  o f  t h e  r e s p i r a t o r y  r a t e s  i n  t h e  
p r e s e n c e  a n d  a b s e n c e  o f  C C C P .  T h i s  r a t i o ,  t h e  
r e s p i r a t o r y  c o n t r o l  i n d e x  ( R . C . I )  r e f l e c t e d  t h e  d e c r e a s e  
i n  s t i m u l a t i o n  o f  c e l l u l a r  r e s p i r a t i o n  b y  CCCP i n  t h e  
p r e s e n c e  o f  c a d m i u m  c h l o r i d e  ( T a b l e  3 . 2 ) .  T h e  R . C . I .  
d e c r e a s e d  b y  2 0 % a f t e r  30  m i n  i n c u b a t i o n  w i t h  5 0 pM
t - 8 9 -
T a b le  3 . 2  E f f e c t  o f  CCCP on c e l l u l a r  r e s p i r a t i o n  by
h e p a t o c y t e s  i s o l a t e d  from s t a r v e d  r a t s  and i n c u b a t e d  in  t h e
p r e s e n c e  o f  ImM l a c t a t e .
Time
Concentration 
of CdCl2
Oxygen consumption 
(nmol 0 2/10 cells/min)
R.C.I.
(min) (gM) Lactate + CCCP
0
control 20.2 + 0.13 50.2 + 2.4 2.49 + 0.11
30
control 28.3 + 1.6 65.1 + 3.3 2.30 + 0.07
12.5 24.6(21.9,27.3) 57.8(57.5,58.0) 2.37(2.63,2.12)
50 * * 2 2 . 3 + 1 . 0  * * * 4 1 . 2 + 2 . 2  ***1.8 5 + 0 . 0 6
60
control 20.5 + 0.3 45.4 + 0.2 2.22 + 0.03
12.5 16.7(15.5,17.8) 33.5(33.0,34.0) 2.02(2.13,1.91)
50 16.3(16.1,16.4) 22.0(21.3,22.7) 1.35(1.32,1.38)
L egend a s  in  T ab le  3 .1
At th e  t im e s  in d ic a t e d ,  CCCP was added (2.5pM  f i n a l  c o n c e n t r a t io n )  a f t e r  th e  
m easurem ent o f  th e  l a c t a t e - s t i m u l a t e d  r a t e  o f  r e s p i r a t i o n ,  and th e  su b seq u e n t un cou p led  
r a t e  o f  oxygen  consu m ption  r e c o r d e d .
The r e s p ir a t o r y  c o n t r o l  in d e x  (RCI) was c a lc u la t e d  a s  th e  r a t e  o f  r e s p ir a t io n  
+ C C C P /su b s tr a te -s t im u la te d  r a t e  ( s e c t i o n  3 . 2 . 1 ) .
R e s u lt s  a r e  e x p r e s se d  a s  th e  mean SEM o f  th r e e  sa m p les or  th e  mean o f  two sa m p les  
from  a r e p r e s e n t a t iv e  e x p e r im e n t.
Significantly different from controls **(p < 0.02),
***(p < 0.01).
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cadmium c h l o r i d e  a n d  b y  9 a n d  3 9 % w i t h  1 2 . 5  a n d  5 0 |jM 
cadmium c h l o r i d e  r e s p e c t i v e l y  a f t e r  60 m in  e x p o s u r e .
H e p a t o c y t e s  u t i l i s i n g  ImM p y r u v a t e  a s  t h e i r  a d d e d  
s u b s t r a t e  d i s p l a y e d  i n c r e a s e s  o f  1 0 0 - 1 4 0 % i n  o x y g e n  
c o n s u m p t i o n  b y  c o n t r o l  s u s p e n s i o n s  o f  h e p a t o c y t e s  i n  t h e  
p r e s e n c e  o f  CCCP o v e r  t h e  60 m in  i n c u b a t i o n  p e r i o d  ( T a b l e  
3 . 3 ) .  E x p o s u r e  t o  cadm ium  c h l o r i d e  c a u s e d  a s i g n i f i c a n t  
r e d u c t i o n  i n  t h e  s t i m u l a t i o n  o f  c e l l u l a r  r e s p i r a t i o n  b y  
CCCP a f t e r  30  m i n  ( 2 3 % d e c r e a s e )  a n d  6 0  m i n  ( 3 7 % 
d e c r e a s e )  i n c u b a t i o n  w i t h  5 0 pM cadmium c h l o r i d e .  U n l i k e  
t h e  r e s u l t s  w i t h  ImM l a c t a t e ,  t h e r e  a p p e a r s  t o  be l i t t l e  
e f f e c t  o f  t h e  l o w e r  d o s e  ( 1 2 . 5pM) o f  cadm ium  c h l o r i d e  on 
t h e  C C C P - s t i m u l a t e d  r a t e  o f  c e l l u l a r  r e s p i r a t i o n  o v e r  t h e  
e n t i r e  i n c u b a t i o n  p e r i o d .  T h e s e  e f f e c t s  o f  c a d m i u m  
c h l o r i d e  i n  t h e  s t i m u l a t i o n  o f  r e s p i r a t i o n  b y  CCCP w e r e  
r e f l e c t e d  i n  t h e  v a l u e s  f o r  t h e  R . C . I .  ( T a b l e  3 . 3 ) .  A 
r e d u c t i o n  i n  t h e  R . C . I .  o c c u r r e d  a f t e r  30  m i n  ( 1 2 % 
d e c r e a s e )  a n d  60  m i n  ( 2 0 % d e c r e a s e )  e x p o s u r e  t o  5 0 pM 
cadmium c h l o r i d e  o n l y .
When h e p a t o c y t e s  w e r e  i n c u b a t e d  w i t h  ImM s u c c i n a t e ,  
s m a l l e r  i n c r e a s e s  (80  — 1 0 0 %) i n  t h e  C C C P - s t i m u l a t e d  r a t e s  
o f  o x y g e n  c o n s u m p t i o n ,  w e r e  o b s e r v e d  i n  c o n t r o l  
s u s p e n s i o n s  o f  h e p a t o c y t e s  o v e r  t h e  60  m i n  i n c u b a t i o n  
p e r i o d  ( T a b l e  3 . 4 ) .  T h e r e  a p p e a r e d  t o  b e  n o  e f f e c t  o f  
cadmium c h l o r i d e  on t h e  C C C P - s t i m u l a t e d  r a t e  o f  c e l l u l a r  
r e s p i r a t i o n  a f t e r  30  m i n  e x p o s u r e ,  b u t  a s i g n i f i c a n t
- 9 1 -
T a b le  3 . 3  E f f e c t  o f  CCCP on c e l l u l a r  r e s p i r a t i o n  by
h e p a t o c y t e s  i s o l a t e d  from s t a r v e d  r a t s  and i n c u b a t e d  in  th e
p r e s e n c e  o f  lmM p y r u v a t e .
Concentration 0xygen consumption
(min)
Time cdCl (nmol 0 2/10 cells/min) R.C.I,
(pM) Pyruvate + CCCP
30
60
control 27.0 + 1.0 60.0 + 3.0 2.22 + 0.08
control 29.6 ± 2.5 72.3 + 6.5 2.43 + 0.08
12.5 29.3 + 1.7 74.7 + 4.6 2.56 + 0.10
50 26.3 + 0.2 *55.8 + 1.6 *2.13 + 0.08
control
12.5
50
23.1 + 1.1 46.0 ± 0.6 2.01 H- 0.10
20.7 + 0.8 44.6 + 5.9 2.15 + 0.11
18.1 + 1.5 ***29.0 + 1.8 **1.61 + 0.05
L egend a s  in  T ab le  3 .1
At th e  t im e s  in d ic a t e d ,  CCCP was added (2.5pM  f i n a l  c o n c e n t r a t io n )  a f t e r  th e  
m easurem ent o f  th e  p y r u v a te - s t im u la te d  r a t e  o f  r e s p i r a t i o n ,  and th e  su b seq u e n t un cou p led  
r a t e  o f  oxygen  co n su m p tion  r e c o r d e d .
The r e s p ir a t o r y  c o n t r o l  in d e x  (RCI) was c a lc u la t e d  a s  th e  r a t e  o f  r e s p ir a t io n  
+ C C C P /s u b s tr a te -s t im u la te d  r a t e  ( s e c t i o n  3 . 2 . 1 ) .
R e s u lt s  a r e  e x p r e s s e d  a s  th e  mean +  SEM (n = 3 -  5 sa m p les  from  a r e p r e s e n t a t iv e  
e x p e r im e n t) .
S i g n i f i c a n t l y  d i f f e r e n t  from  c o n t r o l s  * (p  < 0 .0 5 ) ,
* * (p  < 0 .0 2 .) ,
* * * (p  < 0 . 0 1 ) .
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T a b le  3 A  E f f e c t  o f  CCCP on c e l l u l a r  r e s p i r a t i o n  by
h e p a t o c y t e s  i s o l a t e d  from s t a r v e d  r a t s  and i n c u b a t e d  in t h e
p r e s e n c e  o f  ImM s u c c i n a t e .
Time
(min)
Concentration 
of CdCl2
Oxygen consumption 
(nmol 0 2/106 cells/min) R.C.I.
(gM) Succinate + CCCP
30
60
control 33.8 + 3.0 72.6 ± 3.0 2.05 + 0.11
control 28.5 + 0.9 52.2 + 3.5 1.83 + 0.07
12.5 29.2 + 0.9 53.0 + 2.9 1.83 + 0.06
50 29.2 ± 0.3 52.7 + 2.1 1.76 + 0.09
control 27.8 + 1.1 51.0 + 2.7 1.84 + 0.07
12.5 26.7 + 0.9 48.5 + 1.9 1.82 + 0.06
50 24.9 + 1.1 **39.9 + 1.8 **1.60 + 0.01
Legend a s  in  T ab le  3 .1
At th e  t im e s  i n d ic a t e d ,  CCCP was added (2.5pM  f i n a l  c o n c e n t r a t io n )  a f t e r  th e  
m easurem ent o f  th e  s u c c in a t e - s t im u la t e d  r a t e  o f  r e s p i r a t i o n ,  and th e  su b seq u e n t u n cou p led  
r a t e  o f  oxygen co n su m p tion  r e c o r d e d .
The r e s p ir a t o r y  c o n t r o l  in d e x  (RCI) was c a lc u la t e d  a s  th e  r a t e  o f  r e s p ir a t io n  
+ C C C P /substrate  s t im u la t e d  r a t e  ( s e c t i o n  3 . 2 . 1 ) .
R e s u lt s  a r e  e x p r e s s e d  a s  mean +_ SEM ( n  = 3 - 4 m easurem ents from  a s i n g l e  
r e p r e s e n t a t iv e  e x p e r im e n t) .
Significantly different from controls **(p < 0.02).
-  93  -
d e c r e a s e  ( 2 2 %) i n  t h e  C C C P - s t i m u l a t e d  r a t e  w a s  o b s e r v e d  
a f t e r  6 0  m i n  i n c u b a t i o n  w i t h  5 0 pm c a d m i u m  c h l o r i d e .  
S i m i l a r l y ,  t h e  v a l u e s  f o r  t h e  R . C . I .  s h o w e d  l i t t l e  c h a n g e  
i n  h e p a t o c y t e s  e x p o s e d  t o  ca d m iu m  c h l o r i d e ,  e x c e p t  a t  5 0 pM 
( 1 3 % d e c r e a s e )  a f t e r  60  m in  i n c u b a t i o n .
I n  s u m m a ry ,  h e p a t o c y t e s  e x p o s e d  t o  cadm iu m  c h l o r i d e  
e x h i b i t e d  a d i m i n i s h e d  r e s p o n s e  t o  s t i m u l a t i o n  o f  c e l l u l a r  
r e s p i r a t i o n  w i t h  t h e  u n c o u p l e r ,  a l t h o u g h  t h e  e x t e n t  o f  t h i s  
e f f e c t  v a r i e d  b e t w e e n  t h e  s u b s t r a t e s  u s e d .
3 . 3 . 3  I n h i b i t i o n  o f  e l e c t r o n  t r a n s p o r t
T h e  i n s e c t i c i d e ,  r o t e n o n e ,  was u s e d  t o  b l o c k  e l e c t r o n  
t r a n s p o r t  f r o m  NADH d e h y d r o g e n a s e  t o  C o e n z y m e Q  i n  t h e  
r e s p i r a t o r y  c h a i n .  T h e r e f o r e ,  t h e  r e s u l t i n g  r a t e  o f  
r e s p i r a t i o n  w o u l d  b e  d u e  t o  e l e c t r o n s  f r o m  t h e  o x i d a t i o n  o f  
FADH2 o n l y .  I n  t h i s  s t u d y ,  t h e  u n c o u p l e d  r a t e  o f  F A D H 2 
o x i d a t i o n  w a s  m e a s u r e d  i . e .  r o t e n o n e  w a s  a d d e d  s u b s e q u e n t  
t o  t h e  u n c o u p l i n g  a g e n t ,  CCCP.
Th e  e f f e c t  o f  c a d m iu m  c h l o r i d e  on  t h e  u n c o u p l e d  r a t e  
o f  FADH2 o x i d a t i o n  b y  h e p a t o c y t e s  i n c u b a t e d  i n  t h e  p r e s e n c e  
o f  v a r i o u s  s u b s t r a t e s  i s  s h o w n  i n  T a b l e  3 . 5 . A f t e r  t h e  
a d d i t i o n  o f  C CCP a n d  r o t e n o n e ,  t h e  o x y g e n  c o n s u m p t i o n  b y  
c o n t r o l  s u s p e n s i o n s  o f  h e p a t o c y t e s  c o n t a i n i n g  ImM l a c t a t e  
was 6 . 8 n m o l  0 2 / l O ^ c e l I s / m i n  i n i t i a l l y  a n d  i n c r e a s e d  t o  
lO n m o l  0 2/ l  0 8c e l  1 s / m i n  f o r  t h e  f i r s t  30  m i n ,  t h e n  d e ­
c r e a s e d  s l i g h t l y  t o  8 . 5n m o l  C t y / l O ^ c e l l s / m i n  a f t e r  60  m in
T a b l e  3 . 5  E f f e c t  o f  c a d m i u m  c h l o r i d e  o n  t h e  u n c o u p l e d  r a t e  
o f  F A D H 2  o x i d a t i o n  b y  h e p a t o c y t e s  i s o l a t e d  f r o m  s t a r v e d  r a t s  
a n d  i n c u b a t e d  I n  t h e  p r e s e n c e  o f  v a r i o u s  s u b s t r a t e s ,
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Time
(min)
Concentration 
of CdCl2
( m m )
6Oxygen consumption (nmol 0 2/10 cells/min)
Lactate Pyruvate Succinate
0
control 6.8 + 0.5 11.1 + 0.4 19.8 + 1.2
30
control 10.2 + 0.2 12.6 + 1.0 12.1 + 0.3
12.5 8.3(6.3,10.3) 14.9 + 1.0 12.1 + 0.6
50 ***6.7 + 0.5 11.8 + 1.3 12.3 + 0.9
60
\
control 8.5 + 0.8 11.4 + 0.5 11.8 + 0.6
12.5 6.6(6.6,6.5) 12.0 + 0.9 10.6 + 1.0
50 4.7(5.1,4.2) **9.1 + 0.4 13.1 + 0.2
H ep a to cy te s  from s t a r v e d  r a t s  were in c u b a te d  in  th e  p r e se n c e  o f  v a r io u s  s u b s t r a t e s  
(ImM f i n a l  c o n c e n t r a t io n )  and cadmium c h lo r id e  ( 1 2 .5  or 50pM f i n a l  c o n c e n t r a t io n s ,  
c o n t r o l s  c o n t a in in g  no cadmium) in  a sh a k in g  w a ter  b a th  a t  37°C . At th e  t im e s  in d ic a t e d ,  
CCCP and r o te n o n e  w ere added s e q u e n t ia l l y  ( 2 .5  and 1.25pM f i n a l  c o n c e n t r a t io n s  
r e s p e c t i v e l y )  and oxygen  con su m p tion  m easured a f t e r  th e  a d d it io n  o f  ea ch  compound. The 
r a t e s  o f  oxygen consu m p tion  above a r e  th o s e  o b ser v e d  a f t e r  th e  a d d it io n  o f  CCCP and 
r o te n o n e .
R e s u lt s  a r e  e x p r e s se d  a s  mean + SEM o f  th r e e  sa m p les  or  th e  mean o f  two sa m p les from  
th e  same e x p e r im e n ts  f o r  ea ch  s u b s t r a t e  in v e s t i g a t e d  a s  in  T a b le s  3 .2  - 3 . 4  .
Significantly different from controls **(p < 0.02)
***(p < 0.01)
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i n c u b a t i o n .  E x p o s u r e  t o  c a d m i u m  c h l o r i d e  c a u s e d  a 
s i g n i f i c a n t  d o s e - r e l a t e d  d e c r e a s e  i n  t h e  u n c o u p l e d  r a t e  
o f  F A D H 2 o x i d a t i o n  a f t e r  30  m i n  ( 1 9 % a t  1 2 . 5 pM; 3 4 % a t  
5 0 |jM) and 60 m in  ( 2 2 % a t  1 2 . 5pM; 4 5 % a t  5 0 |iM) i n c u b a t i o n .
When h e p a t o c y t e s  w e r e  i n c u b a t e d  w i t h  ImM p y r u v a t e ,  
t h e  o x y g e n  c o n s u m p t i o n  b y  c o n t r o l  s u s p e n s i o n s  o f  
h e p a t o c y t e s  w e r e  s l i g h t l y  h i g h e r  t h a n  w i t h  ImM l a c t a t e ,  
b e t w e e n  1 1 . 1  -  1 2 . 6 n m o l  0 2 / l 0 6 c e l 1 s / m i n  o v e r  t h e  e n t i r e  
i n c u b a t i o n  p e r i o d .  H o w e v e r ,  e x p o s u r e  t o  cadm iu m  c h l o r i d e  
c a u s e d  a s i g n i f i c a n t  r e d u c t i o n  ( 2 0 %) i n  t h i s  r a t e  o f  
o x y g e n  u p t a k e  a f t e r  60 m in  i n c u b a t i o n  w i t h  5 0 pM cadmium 
c h l o r i d e .  U n l i k e  t h e  p r e v i o u s  r e s u l t s  w i t h  ImM l a c t a t e ,  
no s i g n i f i c a n t  e f f e c t  o c c u r r e d  on  t h e  u n c o u p l e d  r a t e  o f  
FADH2 o x i d a t i o n  a t  t h e  l o w e r  ( 1 2 . 5pM) c o n c e n t r a t i o n  o f  
cadmium c h l o r i d e  i n  t h e  p r e s e n c e  o f  ImM p y r u v a t e .
When h e p a t o c y t e s  w e r e  p r o v i d e d  w i t h  ImM s u c c i n a t e ,  
t h e  u n c o u p l e d  r a t e  o f  F A D H 2 o x i d a t i o n  b y  c o n t r o l  
s u s p e n s i o n s  o f  h e p a t o c y t e s  was 1 9 . 8nm ol  O2/ 1 0 6 c e l l s / r n i n  
i n i t i a l l y ,  and d e c r e a s e d  t o  12 . 1  and 1 1 . 8nm ol  O2/ 1 0 6c e l l s  
/ m in  a f t e r  30  a n d  60  m i n  i n c u b a t i o n  r e s p e c t i v e l y .  I n  
c o n t r a s t  t o  t h e  p r e v i o u s  r e s u l t s  w i t h  ImM l a c t a t e  o r  
p y r u v a t e ,  t h e r e  w a s  no  s i g n i f i c a n t  e f f e c t  o f  c a d m i u m  
c h l o r i d e  on  t h i s  r a t e  o f  o x y g e n  u p t a k e  o v e r  t h e  t i m e  and  
c o n c e n t r a t i o n  o f  cadmium c h l o r i d e  i n v e s t i g a t e d .
In summary, hepatocytes exposed to cadmium chloride
-  %  -■
e x h i b i t e d  a m a r k e d  d e c r e a s e  i n  t h e  u n c o u p l e d  r a t e  o f  
FADH2 o x i d a t i o n  i n  t h e  p r e s e n c e  o f  l a c t a t e ,  a s l i g h t  
d e c r e a s e  w h e n  p y r u v a t e  w a s  t h e  a d d e d  s u b s t r a t e ,  a n d  n o  
s i g n i f i c a n t  c h a n g e  on i n c u b a t i o n  w i t h  s u c c i n a t e .
3 . 3 . 4  U n c o u p l e d  r a t e  o f  o x i d a t i o n  o f  NADH
T h e  u n c o u p l e d  r a t e  o f  o x i d a t i o n  o f  NADH w a s  
c a l c u l a t e d  a s  t h e  d i f f e r e n c e  b e t w e e n  t h e  u n c o u p l e d  r a t e  
( a f t e r  a d d i t i o n  o f  C C C P )  a n d  r o t e n o n e - i n h i b i t e d  r a t e  
( a f t e r  s u b s e q u e n t  a d d i t i o n  o f  r o t e n o n e )  o f  o x y g e n  
c o n s u m p t i o n .  T h e  e f f e c t  o f  c a d m i u m  c h l o r i d e  o n  t h e  
u n c o u p l e d  r a t e s  o f  NADH o x i d a t i o n  i n  h e p a t o c y t e s  
i n c u b a t e d  i n  t h e  p r e s e n c e  o f  v a r i o u s  s u b s t r a t e s  i s  shown 
i n  T a b l e  3 . 6 .
When h e p a t o c y t e s  w e r e  i n c u b a t e d  w i t h  ImM l a c t a t e ,  
t h e  u n c o u p l e d  r a t e  o f  NA DH  o x i d a t i o n  i n  c o n t r o l  
s u s p e n s i o n s  o f  h e p a t o c y t e s  r o s e  f r o m  43  t o  5 5 n m o l  0 2 / l ( #  
c e l l s / m i n  o v e r  t h e  f i r s t  30  m i n  a n d  d e c r e a s e d  t o  3 7 n m o l  
O2/ 1 0 ^ c e l l s / m i n  a f t e r  6 0  m i n .  E x p o s u r e  t o  c a d m i u m  
c h l o r i d e  c a u s e d  a d o s e - r e l a t e d  d e c r e a s e  i n  t h e  u n c o u p l e d  
r a t e  o f  NADH o x i d a t i o n  a f t e r  30  m i n  ( 1 0 % a t  1 2 . 5 }JiM; 3 7 % 
a t  5 0 j iM )  a n d  6 0  m i n  ( 2 7 % a t  1 2 . 5 p M ;  5 3 % a t  5 0 pM )
i n c u b a t i o n .
The  u n c o u p l e d  r a t e  o f  NADH o x i d a t i o n  i n  c o n t r o l  
s u s p e n s i o n s  o f  h e p a t o c y t e s  u t i l i s i n g  ImM p y r u v a t e  w a s
T a b l e  3 . 6  E f f e c t  o f  c a d m i u m  c h l o r i d e  o n  t h e  u n c o u p l e d  r a t e  
o f  o x i d a t i o n  o f  N A D H  b y  h e p a t o c y t e s  i s o l a t e d  f r o m  s t a r v e d  r a t s  
a n d  I n c u b a t e d  i n  t h e  p r e s e n c e  o f  v a r i o u s  s u b s t r a t e s .
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Time
(min)
Concentration 
of CdCl2
Oxygen consumption (nmol 0 2,/10^ cells/min)
(m m ) Lactate Pyruvate Succinate
0
control 43.4 + 1.9 48.8 + 3.0 52.8 + 2.4
30
control 54.9 + 3.5 59.6 + 8.6 40.1 + 3.5
12.5 49.5(51.2,47.2) 59.8 + 5.5 40.9 + 2.8
50 ***34.5 + 2.4 43.9 + 2.8 40.4 + 0.8
60
control 36.9 + 0.8 34.7 + 0.2 39.2 + 2.0
12.5 27.0(26.4,27.5) 32.7 + 3.1 37.8 + 1.2
50 17.4(16.2,18.5)***L9.9 + 1.7 ***26.8 + 1.2
H ep a to cy te s  from  s ta r v e d r a t s  w ere in c u b a te d  in  th e  p r e se n c e  o f v a r io u s  s u b s t r a t e s
(ImM f i n a l  c o n c e n t r a t io n )  and cadmium c h lo r id e  ( 1 2 .5  o r  50|jM f i n a l  c o n c e n t r a t io n s ,  
c o n t r o l s  c o n t a in in g  no cadmium) in  a sh a k in g  w a ter  bath  a t  37°C . At th e  t im e s  in d ic a t e d ,  
CCCP and r o te n o n e  w ere added s e q u e n t ia l l y  ( 2 .5  and 1 .2 5 ijM f i n a l  c o n c e n t r a t io n ,  
r e s p e c t i v e l y )  and oxygen  con su m p tion  m easured a f t e r  th e  a d d it io n  o f  ea ch  compound.
The r a t e s  o f  oxygen  co n su m p tion  a b o v e , i e .  th e  u n cou p led  r a t e s  o f  o x id a t io n  o f  NADH, 
w ere th e  d i f f e r e n c e  betw een  th e  u n co u p led  r a t e  ( a f t e r  a d d it io n  o f  CCCP) and th e  r o te n o n e -  
in h ib i t e d  r a t e  ( a f t e r  su b seq u e n t a d d it io n  o f  r o te n o n e )  o f  oxygen  u p tak e  a s  shown in  
s e c t i o n  3 . 2 . 1 .
R e s u lt s  a r e  e x p r e s s e d  a s  mean + SEM o f  th r e e  sa m p les  or  th e  mean o f  tw o sa m p les from  
th e  same e x p e r im e n ts  f o r  ea ch  s u b s t r a t e  i n v e s t i g a t e d  a s  in  T a b le s  3 .2  -  3 .4  .
S i g n i f i c a n t ly  d i f f e r e n t  from  c o n t r o l s  * * * (p  < 0 . 0 1 ) .
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b e t w e e n  5 0 - 6 0 n m ol  O2/ 1 0 ^ c e l l s / m i n  o v e r  t h e  f i r s t  30 m in
r
and d e c r e a s e d  t o  3 5 n m o l  O 2 / 1 0 Dc e l l s / m i n  a f t e r  60  m i n ,  
s i m i l a r  t o  t h e  r a t e s  o b t a i n e d  w h e n  ImM l a c t a t e  w a s  t h e  
added s u b s t r a t e .  H o w e v e r ,  e x p o s u r e  t o  cadmium c h l o r i d e  
c a u s e d  a r e d u c t i o n  i n  t h e  u n c o u p l e d  r a t e  o f  NADH 
o x i d a t i o n  a f t e r  30  m i n  ( 2 6 % d e c r e a s e )  a n d  60  m i n  ( 4 3 % 
d e c r e a s e )  i n c u b a t i o n  w i t h  5 0 pM c a d m i u m  c h l o r i d e .  T h e r e  
a p p e a r e d  t o  be l i t t l e  e f f e c t  o f  1 2 . 5 pM c a d m i u m  c h l o r i d e  
on t h e  u n c o u p l e d  r a t e  o f  NADH o x i d a t i o n  o v e r  t h e  60  m i n  
i n c u b a t i o n  p e r i o d .
When ImM s u c c i n a t e  w a s  t h e  a d d e d  s u b s t r a t e ,  t h e  
u n c o u p l e d  r a t e  o f  NADH o x i d a t i o n  b y  c o n t r o l  s u s p e n s i o n s  
o f  h e p a t o c y t e s  w a s  5 3 n m o l  O2 / 1 0 8 c e l l s / m i n  i n i t i a l l y ,  
a l t h o u g h  t h i s  r a t e  d e c r e a s e d  t o  4 0 n m o l  0 2 / l O ^ c e l 1 s / m i n  
a f t e r  30  a n d  60  m i n  i n c u b a t i o n  r e s p e c t i v e l y .  C a d m iu m  
c h l o r i d e  a t  1 2 . 5  a n d  5 0 pM d i d  n o t  a p p e a r  t o  h a v e  a n y  
e f f e c t  o n  t h i s  r a t e  o f  o x y g e n  u p t a k e  a f t e r  30  m i n  
e x p o s u r e .  H o w e v e r ,  t h e r e  w a s  a s i g n i f i c a n t  d e c r e a s e  
( 3 2 %) i n  t h e  u n c o u p l e d  r a t e  o f  NADH o x i d a t i o n  a f t e r  60 
min  i n c u b a t i o n  w i t h  5 0 jaM cadmium c h l o r i d e .
I n  su m m a ry ,  e x p o s u r e  t o  cadmium c h l o r i d e  r e s u l t e d  
i n  a d o s e - r e l a t e d  d e c r e a s e  i n  t h e  u n c o u p l e d  r a t e  o f  NADH 
o x i d a t i o n  i n  h e p a t o c y t e s  c o n t a i n i n g  I m M , l a c t a t e ,  w i t h  
s m a l l e r  d e c r e a s e s  i n  t h i s  r a t e  when p y r u v a t e  o r  s u c c i n a t e  
w e re  t h e  added s u b s t r a t e s .
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I n  t h e  i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  p r e - t r e a t m e n t  
w i t h  c a d m i u m  c h l o r i d e  o n  s u c c i n a t e - s t i m u 1 a t e d  
r e s p i r a t i o n ,  h e p a t o c y t e s  w e r e  i n c u b a t e d  w i t h  c a d m i u m  
c h l o r i d e  ( 1 2 . 5  a n d  5 0 pM )  i n  t h e  a b s e n c e  o f  a d d e d  
s u b s t r a t e ,  a n d  s u c c i n a t e  ( I m M ,  f i n a l  c o n c e n t r a t i o n )  
i n j e c t e d  i n t o  t h e  e l e c t r o d e  c h a m b e r  a f t e r  30  an d  60  m i n  
e x p o s u r e  t o  cadmium c h l o r i d e .  A  c o m p a r i s o n  o f  t h e  e f f e c t  
o f  cadm iu m  c h l o r i d e  on t h e  b a s a l  and s u c c i n a t e - s t i m u l a t e d  
r a t e s  o f  o x y g e n  c o n s u m p t i o n  i s  s h o w n  i n  T a b l e  3 . 7 . A t  
t h e  s t a r t  o f  t h e  i n c u b a t i o n ,  t h e  b a s a l  r a t e  o f  o x y g e n  
u p t a k e  b y  c o n t r o l  s u s p e n s i o n s  o f  h e p a t o c y t e s  i n c r e a s e d  by  
7 4 % on t h e  a d d i t i o n  o f  s u c c i n a t e .  On f u r t h e r  i n c u b a t i o n ,  
t h e  a d d i t i o n  o f  s u c c i n a t e  e n h a n c e d  t h e  b a s a l  r a t e s  o f  
o x y g e n  u p t a k e  i n  c o n t r o l  s u s p e n s i o n s  o f  h e p a t o c y t e s  b y  93 
and 8 7 % a f t e r  30  a n d  60  m i n  r e s p e c t i v e l y .  I n  c o n t r a s t ,  
e x p o s u r e  t o  c a d m i u m  c h l o r i d e  r e s u l t e d  i n  s m a l l e r  
i n c r e a s e s  i n  t h e  b a s a l  r a t e s  o f  o x y g e n  u p t a k e  a f t e r  30 
m in  ( 5 2 % a t  1 2 . 5 ]aM);  1 2 % a t  5 0 |aM) a n d  60  m i n  ( 7 7 % a t
1 2 . 5pM; 3 6 % a t  5 0 pM) i n c u b a t i o n .  T h e s e  e f f e c t s  w e r e
r e f l e c t e d  i n  t h e  d e c r e a s e  i n  t h e  s u c c i n a t e - s t i m u l a t e d  
r a t e s  o f  r e s p i r a t i o n  a f t e r  30  m i n  ( 2 3 % a t  1 2 . 5 pM; 4 2 % a t  
50 pM) and 60 m in  ( 1 5 % a t  1 2 . 5pM; 5 3 % a t  50pM) e x p o s u r e  t o  
cadmium c h l o r i d e .
The e f f e c t  o f  CCCP on t h e  s u c c i n a t e - s t i m u l a t e d  r a t e  
o f  r e s p i r a t i o n  i n  p r e - t r e a t e d  h e p a t o c y t e s  i s  s h o w n  i n  
T a b l e  3 . 8 . E x p o s u r e  t o  c a d m i u m  c h l o r i d e  c a u s e d  a
3 . 3 . 5  P r e - t r e a t m e n t  w i t h  cadmium c h l o r i d e
- l o o -
T a b l e  3 , 7  S u c c i n a t e - s t i m u l a t e d  r e s p i r a t i o n  i n  h e p a t o c y t e s  
p r e - t r e a t e d  w i t h  c a d m i u m  c h l o r i d e .
Time
(min)
Concentration 
of CdCl2
Oxygen consumption (nmol 0 2/10^ cells/min)
(pM) Basal rate Succinate-stimulated rate
0
control 23.6 + 0.8 41.0 + 1.9
30
control 20.5 + 1.1 39.6 + 0.9
12.5 20.0 + 0.9 ***30.4 + 1.0
50 20.4 + 0.3 ***22.8 + 0.8
60
control 19.5 + 1.8 36.5 ± 1.9
12.5 17.6 + 1.7 *31.2 + 0.6
50 *12.5 + 0.6 ***17.0 ± 1.0
H ep a to cy te s  from  s ta r v e d  r a t s  w ere in c u b a te d  w ith  cadmium c h lo r id e  (1 2 .5  or  
50pM f i n a l  c o n c e n t r a t io n s ;  c o n t r o l s  c o n t a in in g  no cadmium) in  a sh a k in g  w a ter  bath  a t  
37°C . At th e  t im e s  show n, s u c c in a t e  (ImM f i n a l  c o n c e n tr a t io n )  was added and c e l l u l a r  
r e s p i r a t i o n  m easured p o la r o g r a p h ic a l ly  w ith  a C lark oxygen e le c t r o d e  a t  an a s s a y  
tem p era tu re  o f  37°C .
R e s u lt s  a r e  e x p r e s s e d  a s  mean + SEM ( n = 3 -4  m easurem ents from  a s i n g l e  
e x p e r im e n t) .
Significantly different from controls *(p < 0.05),
***(p < 0.01).
- l o i -
T a b l e  3 . 8  E f f e c t  o f  C C C P  o n  t h e  r a t e  o f  s u c c i n a t e -  
s t i m u l a t e d  r e s p i r a t i o n  i n  h e p a t o c y t e s  p r e - t r e a t e d  w i t h  
c a d m i u m  c h l o r i d e .
^ Oxygen consumptionConcentration JO ^
Time . (nmol 0 2/10 cells/min) v r tof CdCl2 ____________ I________________________ R.C.I.
(min)
(pM) Succinate + CCCP
30
control 41.0 + 1.9 67.2 + 3.0 1.65 + 0.14
control 39.6 + 0.9 57.6 + 1.4 1.45 + 0.04
12.5 ***30.4 + 1.0 **49.5 + 1.2 1.61 + 0.06
50 ***22.8 + 0.8 ***35.3 + 1.6 1.54 + 0.07
60
control 36.5 + 1.9 50.1 + 3.2 1.37 + 0.02
12.5 * 3 1 . 2 + 0 . 6  4 3 . 3 + 1 . 5  1 . 3 9 + 0 . 0 6
50 ***17.0 + 1.0 ***19.9 + 1.0 ***1.17 + 0.06
Legend a s  in  T ab le  3 .7
At th e  t im e s  in d ic a t e d ,  CCCP was added (2.5pM  f i n a l  c o n c e n t r a t io n )  a f t e r  th e  
m easurem ent o f  th e  s u c c in a t e - s t im u la t e d  r a t e  o f  r e s p i r a t i o n ,  and th e  su b seq u en t  
u n co u p led  r a t e  o f  oxygen  con su m p tion  r e c o r d e d .
The r e s p ir a t o r y  c o n t r o l  in d e x  (RCI) was c a lc u la t e d  a s  th e  r a t e  o f  r e s p ir a t io n  
+ C C C P /su b s tr a te -s t im u la te d  r a t e  ( s e c t io n  3 . 2 . 1 ) .
R e s u lt s  a r e  e x p r e s s e d  a s  mean + SEM ( n = 3 -4  m easurem ents from  a s i n g l e
e x p e r im e n t) .
S i g n i f i c a n t l y  d i f f e r e n t f t o m  c o n t r o l s  * (p  < 0 . 0 5 ) ,
* * (p  < 0 . 0 2 ) ,
* * * (p  < 0 . 0 1 ) .
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s i g n i f i c a n t  d o s e - r e l a t e d  d e c r e a s e  i n  t h e  C C C P - s t i m u l a t e d  
r a t e  o f  r e s p i r a t i o n  a f t e r  30  m i n  ( 1 4 % a t  1 2 . 5 pM ;  3 9 % a t  
50 ]iM) and 60 m in  ( 1 4 % a t  1 2 . 5pM; 6 0 % a t  5 0 pM) i n c u b a t i o n .  
Th e  d e g r e e  o f  e n h a n c e m e n t  b y  CCCP o f  t h e  s u c c i n a t e -  
s t i m u l a t e d  r a t e  i s  r e f l e c t e d  i n  t h e  R . C . I . .  I n  c o n t r o l  
s u s p e n s i o n s  o f  h e p a t o c y t e s ,  t h e  R . C . I .  w a s  1 . 6 4  
i n i t i a l l y ,  a n d  d e c r e a s e d  t o  1 . 4 5  a n d  1 . 3 7  a f t e r  30 an d  60 
m in  r e s p e c t i v e l y .  E x p o s u r e  t o  c a d m i u m  c h l o r i d e  f o r  30 
m in  c a u s e d  a s l i g h t  i n c r e a s e  i n  t h e  R . C . I .  ( 1 1 % a t  
1 2 . 5|aM; 6 % a t  5 0 p M ) .  H o w e v e r ,  t h e  R . C . I .  d e c r e a s e d
s i g n i f i c a n t l y  ( 1 5 %) a f t e r  60  m i n  i n c u b a t i o n  w i t h  5 0 pM 
cadmium c h l o r i d e ,  w i t h  n o  a p p a r e n t  c h a n g e  a t  t h e  l o w e r  
( 1 2 . 5pM) c o n c e n t r a t i o n  o f  c a d m i u m  c h l o r i d e .  T h e r e f o r e ,  
a l t h o u g h  e x p o s u r e  t o  c a d m i u m  c h l o r i d e  r e s u l t e d  i n  a 
s i g n i f i c a n t  d e c r e a s e  i n  t h e  C C C P - s t i m u l a t e d  r a t e  o f  
r e s p i r a t i o n ,  t h e r e  a p p e a r e d  t o  be l i t t l e  c h a n g e  i n  t h e  
d e g r e e  o f  e n h a n c e m e n t  o f  t h e  s u c c i n a t e - s t i m u l a t e d  r a t e  by  
CCCP as  s h o w n  b y  t h e  v a l u e s  f o r  t h e  R . C . I .  .
A  c o m p a r i s o n  o f  t h e  e f f e c t  o f  p r e - t r e a t m e n t  w i t h  
cadmium c h l o r i d e  on  t h e  u n c o u p l e d  r a t e s  o f  F A D H 2 a n d  NADH 
o x i d a t i o n  b y  h e p a t o c y t e s  u t i l i s i n g  ImM s u c c i n a t e  a s  t h e  
added  s u b s t r a t e  i s  s h o w n  i n  T a b l e  3 . 9 . T h e  u n c o u p l e d  
r a t e  o f  F A D H 2 o x i d a t i o n  i n  c o n t r o l  s u s p e n s i o n s  o f  
h e p a t o c y t e s  w a s  3 1 n m o l  0 2/ l  O ^ c e l  1 s / m i n  i n i t i a l l y  a n d  
a f t e r  30  m i n ,  a n d  d e c r e a s e d  s l i g h t l y  t o  2 7 n m o l  
O2/ 1 0 ^ c e l l s / m i n  a f t e r  60  m i n  i n c u b a t i o n .  I n  c o n t r a s t ,  
e x p o s u r e  t o  c a d m i u m  c h l o r i d e  r e s u l t e d  i n  a s i g n i f i c a n t  
d o s e - r e l a t e d  d e c r e a s e  i n  t h e  u n c o u p l e d  r a t e s  o f  F A D H 2
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T a b l e  3 . 9  C o m p a r i s o n  o f  t h e  e f f e c t s  o f  c a d m i u m  c h l o r i d e  o n  
t h e  u n c o u p l e d  r a t e s  o f  F A D H 2  a n d  N A D H  o x i d a t i o n  b y  h e p a t o c y t e s  
p r e - t r e a t e d  w i t h  c a d m i u m  c h l o r i d e .
Time
Concentration Oxygen consumption (nmol 0 2/10 cells/min)
(min) of CdCl2
(pM) FADH2 oxidation NADH oxidation
0
control 31.8 + 0.9 35.7 + 1.6
30
control 30.7 + 0.6 27.0 + 2.0
12.5 ***21.8 + 0.9 27.7 + 1.1
50 ***12.5 + 1.5 22.6 + 0.5
60
control 26.7 + 0.7 23.4 + 2.8
12.5 *22.5 + 0.9 20.8 + 2.4
50 ***10.1 + 0.9 ** 9.9 + 0.2
H ep a to cy te s  from  s ta r v e d  r a t s  w ere in c u b a te d  w ith  cadmium c h lo r id e  ( 1 2 .5  or  50|iM 
f i n a l  c o n c e n t r a t io n s ;  c o n t r o l s  c o n t a in in g  no cadmium) in  a sh a k in g  w a ter  b a th  a t  37°C .
At th e  t im e s  in d ic a t e d ,  s u c c in a t e ,  CCCP and r o te n o n e  (ImM, 2.5pM and 1.25|iM  f i n a l  
c o n c e n t r a t io n s  r e s p e c t i v e l y )  w ere added s e q u e n t ia l l y  and oxygen consu m p tion  m easured  
a f t e r  th e  a d d it io n  o f  ea ch  compound.
The un cou p led  r a t e  o f  FADH2 o x id a t io n  was t h a t  o b serv ed  a f t e r  th e  a d d it io n  o f  
s u c c in a t e ,  CCCP and r o te n o n e .
The un cou p led  r a t e  o f  NADH o x id a t io n  was th e  d i f f e r e n c e  b etw eeen  th e  un cou p led  r a t e  
( a f t e r  a d d it io n  o f  CCCP) and r o t e n o n e - in h ib i t e d  r a t e  ( a f t e r  su b seq u e n t a d d it io n  o f  r o te n o n e )  
o f  oxygen  u p ta k e .
R e s u lt s  a re  e x p r e s se d  a s  mean +  SEM ( n = 3 -4  m easurem ents from  a s i n g l e  
e x p e r im e n t) .
S i g n i f i c a n t ly  d i f f e r e n t  from  c o n t r o l s  * (p  < 0 . 0 5 ) ,
* * (p  < 0 . 0 2 ) ,
* * * (p  < 0 .0 1 ) .
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o x i d a t i o n  a f t e r  30  m i n  ( 2 9 % a t  1 2 . 5 pM; 5 9 % a t  5 0 pM) and  
60 m i n  ( 1 6 % a t  1 2 . 5 pM;  6 2 % a t  5 0 p M ) .  T h e  u n c o u p l e d  r a t e  
o f  NADH o x i d a t i o n  i n  c o n t r o l  s u s p e n s i o n s  o f  h e p a t o c y t e s  
was 36nm ol  O2 / 1 0 6c e l l s / m i n  i n i t i a l l y  and d e c r e a s e d  t o  27 
and 2 3nm ol O2/ 1 0 6 c e l l s / m i n  a f t e r  30 and 60 m in  i n c u b a t i o n  
r e s p e c t i v e l y .  I n  c o n t r a s t  t o  t h e  r e s u l t s  f o r  t h e  
u n c o u p l e d  r a t e s  o f  F A D H 2 o x i d a t i o n ,  c a d m i u m  c h l o r i d e  a t  
1 2 . 5pM h a d  l i t t l e  e f f e c t  o n  t h e  u n c o u p l e d  r a t e s  o f  NADH 
o x i d a t i o n  a f t e r  30  m i n ,  a n d  o n l y  a s l i g h t  e f f e c t  ( 1 1 % 
d e c r e a s e )  a f t e r  60 m in  e x p o s u r e .  H o w e v e r ,  t h e  u n c o u p l e d  
r a t e s  o f  NADH o x i d a t i o n  d e c r e a s e d  a f t e r  30  m i n  ( 1 6 % 
d e c r e a s e )  a n d  60  m i n  ( 5 8 % d e c r e a s e )  i n  h e p a t o c y t e s  
e x p o s e d  t o  5 0 pM cadm ium  c h l o r i d e .
I n  s u m m a r y ,  p r e - t r e a t m e n t  w i t h  c a d m i u m  c h l o r i d e  
r e s u l t e d  i n  a d o s e - r e l a t e d  d e c r e a s e  i n  t h e  s u c c i n a t e -  
s t i m u l a t e d  r a t e  o f  c e l l u l a r  r e s p i r a t i o n  a n d  t h i s  w a s  
r e f l e c t e d  i n  t h e  C C C P - s t i m u l a t e d '  r a t e  and u n c o u p l e d  r a t e  
o f  FADH2 o x i d a t i o n .  H o w e v e r ,  t h e  d e g r e e  o f  en h a nce m e n t  
o f  t h e  s u c c i n a t e - s t i m u l a t e d  r a t e  b y  CCCP as  d e p i c t e d  b y  
t h e  R . C . I .  s h o w e d  l i t t l e  c h a n g e  i n  t h e  p r e s e n c e  o f  
cadmium c h l o r i d e  e x c e p t  t o w a r d s  t h e  end o f  t h e  i n c u b a t i o n  
a t  t h e  h i g h e r  d o s e .  S i m i l a r l y ,  c a d m i u m  c h l o r i d e  h a d  
l i t t l e  e f f e c t  o n  t h e  u n c o u p l e d  r a t e  o f  NADH o x i d a t i o n  
e x c e p t  a t  50 pM cadm iu m  c h l o r i d e  a f t e r  60 m in  i n c u b a t i o n .
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B a s a l  a n d  s u b s t r a t e - s t i m u l a t e d  r a t e s  o f  o x y g e n  
c o n s u m p t i o n  i n  c o n t r o l  s u s p e n s i o n s  o f  h e p a t o c y t e s  
i s o l a t e d  f r o m  s t a r v e d  r a t s  ( 20 . 5  -  2 7 . 5nm ol  O2/ 1 0 ^ c e l l s /  
m in  a f t e r  30 m in  i n c u b a t i o n )  w e r e  c o m p a r a b l e  w i t h  t h o s e  
p u b l i s h e d  b y  M u l l e r  & O i j n e s o r g e  ( 1 9 8  4 ) f o r  s i m i l a r  
h e p a t o c y t e s  i n c u b a t e d  i n  t h e  p r e s e n c e  o f  2 7 . 8 mM g l u c o s e  
( 1 8 . 5nmol 0 2 / l 0 ^ c e l 1 s / m i n  a f t e r  30  m i n  i n c u b a t i o n ) .
Cadmium c h l o r i d e  had l i t t l e  e f f e c t  on t h e  b a s a l  r a t e s  o f  
c e l l u l a r  r e s p i r a t i o n  a n d  s i m i l a r  r e s u l t s  w e r e  o b t a i n e d  
when e i t h e r  p y r u v a t e  o r  s u c c i n a t e  w e r e  p r o v i d e d  a s  t h e  
added s u b s t r a t e  ( T a b l e  3 . 1 ) .  T h e s e  r e s u l t s  s u g g e s t e d  
t h a t  n e i t h e r  c e l l u l a r  n o r  m i t o c h o n d r i a l  u p t a k e ,  n o r  t h e  
u t i l i s a t i o n  o f  t h e s e  m e t a b o l i t e s  w e r e  i m p a i r e d  a t  t h e  
e a r l i e r  t i m e  p o i n t  ( 30  m i n )  a f t e r  e x p o s u r e  t o  c a d m i u m  
c h l o r i d e .  T h e  d e c r e a s e  i n  t h e  r a t e s  o f  o x y g e n  
c o n s u m p t io n  on e x p o s u r e  t o  cadm ium  c h l o r i d e  a t  t h e  h i g h e r  
d o s e  ( 5 OpM ) a f t e r  a l o n g e r  i n c u b a t i o n  ( I h )  i m p l i e d  t h a t  
m i t o c h o n d r i a l  o x i d a t i v e  p h o s p h o r y l a t i o n  w a s  n o t  
u n c o u p l e d .  On t h e  c o n t r a r y ,  t h e s e  o b s e r v a t i o n s  m i g h t  be 
i n t e r p r e t e d  a s :  ( a )  a p o s s i b l e  i n h i b i t i o n  o f  m i t o c h o n ­
d r i a l  e l e c t r o n  t r a n s p o r t  a n d / o r  o x i d a t i v e  p h o s p h o r y l a t i o n  
o r  ( b )  a r e d u c t i o n  i n  t h e  a v a i l a b i l i t y  o f  r e d u c i n g  
e q u i v a l e n t s  i n  t h e  m i t o c h o n d r i a ,  r e s u l t i n g  i n  a d e c r e a s e  
i n  o x y g e n  c o n s u m p t i o n .
3 . 4  DISCUSSION
S u b s t r a t e  d e p e n d e n c e  o f  c e l l u l a r  r e s p i r a t i o n
Cadmium c h l o r i d e  was shown t o  be a p o t e n t  i n h i b i t o r
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o f  e l e c t r o n  t r a n s p o r t  i n  m i t o c h o n d r i a l  p r e p a r a t i o n s  f r o m  
p u l m o n a r y  a l v e o l a r  m a c r o p h a g e s  o f  sh eep  l u n g  ( 50pM C d C l2  
-  M u s t a f a  & C r o s s ,  1 9 7 1 )  an d  r a t  l i v e r  (> lO O pM  C d C l 2 -  
D iamond & K e n c h ,  1 9 7 4 ) ,  p r e s u m a b l y  t h r o u g h  i n t e r a c t i o n s  
w i t h  t h e  d e h y d r o g e n a s e s  o f  t h e  r e s p i r a t o r y  c h a i n ,  r a t h e r  
t h a n  t h e  c y t o c h r o m e s ,  s i n c e  t h e s e  r e m a i n e d  o x i d i s e d  i n  
t h e  p r e s e n c e  o f  t h e  a b o v e  c o n c e n t r a t i o n s  o f  c a d m i u m  
c h l o r i d e  u s e d .  H o w e v e r ,  o x i d a t i v e  p h o s p h o r y l a t i o n  w a s  
f o u n d  t o  be  m o r e  s e n s i t i v e  t o  c a d m iu m  t h a n  e l e c t r o n  
t r a n s f e r ,  s i n c e  r e s p i r a t o r y  c o n t r o l  a s  e v i d e n c e d  b y  t h e  
s t i m u l a t o r y  a c t i v i t y  o f  ADP on  p y r i d i n e - n u c l e o t i d e - l i n k e d  
and f l a v i n - l i n k e d  s u b s t r a t e s  was c o m p l e t e l y  a b o l i s h e d  a t  
c o n c e n t r a t i o n s  o f  cadm ium  c h l o r i d e  ( lO p M )  w e l l  b e l o w  t h a t  
o b s e r v e d  f o r  i n h i b i t i o n  o f  e l e c t r o n  t r a n s p o r t  ( M u s t a f a  & 
C r o s s ,  1 9 7 1 ) .
A  d e c r e a s e  i n  t h e  a v a i l a b i l i t y  o f  r e d u c i n g  
e q u i v a l e n t s  i n  t h e  m i t o c h o n d r i a  c o u l d  a l s o  r e d u c e  t h e  
r a t e s  o f  o x y g e n  u p t a k e  i n  c a d m i u m - t r e a t e d  h e p a t o c y t e  
s u s p e n s i o n s .  Th e  a f f i n i t y  o f  cadmium f o r  t h i o l s  ( S e a r l s  
e t  a l . f 1 9 6 1 )  w o u l d  r e n d e r  c e r t a i n  d e h y d r o g e n a s e s  i n  t h e  
K r e b s  c y c l e  m o r e  s u s c e p t i b l e  t o  i n h i b i t i o n  b y  c a d m i u m .  
The  e n z y m e ,  s u c c i n a t e  d e h y d r o g e n a s e ,  c o n t a i n s  s u l p h y d r y l  
g r o u p s  a n d  i s  v e r y  s e n s i t i v e  t o  i n h i b i t i o n  b y  h e a v y  
m e t a l s  (D iam ond  & K en ch ,  1 9 7 4 ) .  A l s o ,  t h e  m i t o c h o n d r i a l  
k e t o a c i d  d e h y d r o g e n a s e s ,  p y r u v a t e  d e h y d r o g e n a s e  a n d  i n  
p a r t i c u l a r ,  o( -  k e t  o g  1 u t a  r  a t e  d e h y d r o g e n a s e ,  a r e  
s u s c e p t i b l e  t o  i n h i b i t i o n  b y  c a d m i u m  ( W e b b ,  1 9  6 4  ) 
p r e s u m a b l y  t h r o u g h  t h e  i n a c t i v a t i o n  o f  t h e  a s s o c i a t e d
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d i h y d r o l i p o y l  d e h y d r o g e n a s e  ( S t e i n  & S t e i n ,  1 9 7 1 ) w h o s e  
s u b s t r a t e ,  d i h y d r o l i p o i c  a c i d  c o n t a i n s  t w o  a d j a c e n t  
s u l p h y d r y l  g r o u p s .
T h e s e  e x p l a n a t i o n s  c o u l d  a l s o  a c c o u n t  f o r  t h e  d o s e -  
r e l a t e d  d e c r e a s e s  i n  t h e  e n h a n c e d  r a t e s  o f  c e l l u l a r  
r e s p i r a t i o n  i n  c a d m i u m - t r e a t e d  h e p a t o c y t e s  when l a c t a t e  
was t h e  a d d e d  s u b s t r a t e  ( T a b l e  3 . 1 ) .  H o w e v e r ,  f u r t h e r  
e x p e r i m e n t s  h a v e  s h o w n  t h a t  a d e c r e a s e  i n  t h e  c e l l u l a r  
u p t a k e  a n d  m e t a b o l i s m  o f  a d d e d  l a c t a t e  o c c u r s  i n  
h e p a t o c y t e s  e x p o s e d  t o  c a d m i u m  c h l o r i d e  ( C h a p t e r  4 ) .  
T h e r e f o r e ,  t h i s  c o u l d  c o n t r i b u t e  t o  a d i m i n i s h e d  s u p p l y  
o f  r e d u c i n g  e q u i v a l e n t s  i n  t h e  m i t o c h o n d r i a  and hence  t h e  
l o w e r e d  r a t e  o f  o x y g e n  u p t a k e  o b s e r v e d .
U n c o u p l i n g  an d  t h e  e f f e c t  o f  cadmium
The u n c o u p l e r ,  C C C P ,  n o r m a l l y  s t i m u l a t e s  o x y g e n  
c o n s u m p t i o n  i n  f u n c t i o n a l l y  i n t a c t  h e p a t o c y t e s  b y  m o r e  
t h a n  5 0 % ( E a t o n  & K l a a s s e n ,  1 9 7 8 ) .  I n  t h e  p r e s e n t  
s t u d i e s ,  t h e  C C C P - s t i m u l a t e d  i n c r e a s e  i n  t h e  s u b s t r a t e -  
s t i m u l a t e d  r a t e s  o f  o x y g e n  c o n s u m p t i o n  b y  c o n t r o l  
s u s p e n s i o n s  o f  h e p a t o c y t e s  ( 8 0 - 1 4 0 %) c o m p a r e d  w e l l  w i t h  
t h o s e  o b s e r v e d  b y  M u l l e r  & O h n e s o r g e  ( 1 9 & 4 ) f o r  s i m i l a r  
h e p a t o c y t e s  i n c u b a t e d  w i t h  2 7 . 8mM g l u c o s e  ( 1 0 4 % i n c r e a s e  
i n  o x y g e n  u p t a k e ) .
When r o t e n o n e  was u s e d  t o  b l o c k  e l e c t r o n  t r a n s p o r t  
t h r o u g h  t h e  e n zym e NADH d e h y d r o g e n a s e  a f t e r  t h e  a d d i t i o n
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o f  C C C P ,  t h e  r e s u l t i n g  r a t e  o f  r e s p i r a t i o n , ,  i . e .  t h e  
u n c o u p l e d  r a t e  o f  FADH2 o x i d a t i o n  d e c r e a s e d  t o  l e s s  t h a n  
h a l f  t h e  c o r r e s p o n d i n g  s u b s t r a t e - s t i m u l a t e d  r a t e  
( c o m p a r i s o n  o f  T a b l e s  3 . 1  a n d  3 . 5 ) .  T h i s  i s  c o m p a r a b l e  
w i t h  o b s e r v a t i o n s  b y  S e i b e r t  ( 1 9 8 5 ) o f  a 6 4 % i n h i b i t i o n  
o f  t h e  u n c o u p l e d  r a t e  o f  FADH2 o x i d a t i o n  f r o m  e n doge nous  
s u b s t r a t e s  i n  t r o u t  h e p a t o c y t e s .
When s u c c i n a t e  w a s  p r e s e n t e d  a s  t h e  a d d e d  
s u b s t r a t e ,  a r e d u c t i o n  o c c u r r e d  i n  t h e  C C C P - s t i m u l a t e d  
r a t e  o n l y  a f t e r  e x p o s u r e  t o  5 0 pM c a d m iu m  c h l o r i d e  f o r  1 
h o u r  ( T a b l e  3 . 4 ) .  T h e  s e p a r a t i o n  o f  t h i s  r a t e  i n t o  i t s  
tw o  c o m p o n e n t s  i . e .  t h e  u n c o u p l e d  r a t e s  o f  NADH and FADH2 
o x i d a t i o n  r e s p e c t i v e l y  sh ow e d  t h a t  t h e  d e c r e a s e  i n  o x y g e n  
c o n s u m p t i o n  w a s  d u e  t o  a r e d u c t i o n  i n  t h e  u n c o u p l e d  r a t e  
o f  NADH o x i d a t i o n  ( T a b l e  3 . 6 ) w i t h  no s i g n i f i c a n t  e f f e c t  
o f  c a d m i u m  o n  t h e  u n c o u p l e d  r a t e  o f  F A D H 2 o x i d a t i o n  
( T a b l e  3 . 5 ) .  T h e s e  r e s u l t s  s u g g e s t e d  t h a t  e l e c t r o n  
t r a n s p o r t  f r o m  s u c c i n a t e  d e h y d r o g e n a s e  t o  c y t o c h r o m e  a / a 3 
r e m a i n e d  u n i m p a i r e d  a n d  t h a t  a n y  e f f e c t s  o f  c a d m i u m  
c h l o r i d e  w e r e  a s s o c i a t e d  w i t h  t h e  NADH p a t h w a y  p r i o r  t o  
e l e c t r o n  t r a n s f e r  t h r o u g h  c o e n z y m e  Q ( F i g .  3 . 2 ) .
The  r a t e  o f  o x y g e n  c o n s u m p t i o n  i n  t h e  u n c o u p l e d  
s y s t e m  w o u l d  d ep en d  on (a )  an a d e q u a t e  f u n c t i o n i n g  o f  t h e  
e l e c t r o n  t r a n s p o r t  c h a i n  a n d  ( b )  t h e  c o n c e n t r a t i o n  o f  
r e d u c e d  n u c l e o t i d e s  (NADH and FADH2 ) i n  t h e  m i t o c h o n d r i a .  
S i n c e  e l e c t r o n  t r a n s p o r t  f r o m  s u c c i n a t e  d e h y d r o g e n a s e  t o
F i g  3 . 2  A n  o u t l i n e  s c h e m e  o f  t h e  p r o d u c t i o n  o f  
r e d u c i n g  e q u i v a l e n t s  f r o m  l a c t a t e ,  p y r u v a t e  a n d  s u c c i n a t e .  
( T h e  d a s h e d  l i n e  r e f e r s  t o  t h e  t r a n s f e r  o f  c y t o s o l i c  N A D H  
i n t o  t h e  m i t o c h o n d r i a )
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c y t o c h r o m e  a / a g a p p e a r e d  t o  be  l a r g e l y  u n a f f e c t e d  b y  
cadmium c h l o r i d e  ( a b o v e ) ,  a d e c r e a s e  i n  t h e  u n c o u p l e d  
r a t e s  o f  NADH o x i d a t i o n  c o u l d  i m p l y :  (a)  an i m p a i r m e n t  i n  
t h e  o x i d a t i o n  o f  m i t o c h o n d r i a l  NADH, p r o b a b l y  a t  t h e  
p o i n t  o f  i t s  e n t r y  i n t o  t h e  m i t o c h o n d r i a l  r e s p i r a t o r y  
c h a i n  o r  ( b )  a d e c r e a s e  i n  t h e  c o n c e n t r a t i o n  o f  NADH i n  
t h e  m i t o c h o n d r i a .  I t  i s  u n l i k e l y  t h a t  t h e  r a t e  o f  
s u c c i n a t e  u p t a k e  i n t o  t h e  m i t o c h o n d r i a  wa s  t h e  l i m i t i n g  
f a c t o r ,  s i n c e  t h e  u n c o u p l e d  r a t e  o f  F A D H 2 o x i d a t i o n  
r e m a in e d  u n i m p a i r e d  b y  c a d m i u m  c h l o r i d e .  H o w e v e r  i t  i s  
p o s s i b l e  t h a t  t h e  g e n e r a t i o n  o f  NADH f r o m  s u c c i n a t e  m i g h t  
h a v e  b e e n  a f f e c t e d  b y  c a d m i u m  c h l o r i d e  v i a  an e f f e c t  on 
one o r  more  o f  t h e  NAD- 1  i n k e d  d e h y d r o g e n a s e s  (Webb,  19 6 4 ) 
r e s u l t i n g  i n  a d e c r e a s e d  a v a i l a b i l i t y  o f  NADH i n  t h e  
m i t o c h o n d r i a ,  a n d  h e n c e ,  t h e  r e d u c e d  r a t e  o f  u n c o u p l e d  
NADH o x i d a t i o n  o b s e r v e d .  A l t h o u g h  s u c c i n a t e  d e h y d r o ­
g e n a s e  w a s  i m p l i c a t e d  i n  t h e  i n h i b i t i o n  o f  s u c c i n a t e -  
s t i m u l a t e d  r e s p i r a t i o n  i n  m i t o c h o n d r i a l  p r e p a r a t i o n s  f r o m  
r a t  l i v e r  ( D i a m o n d  & K e n c h ,  1 9 7 4 ) ,  t h e r e  i s  no  e v i d e n c e  
o f  s u c h  an  e f f e c t  i n  t h e  h e p a t o c y t e  s y s t e m  u s e d  i n  t h e  
p r e s e n t  s t u d i e s .
A l t h o u g h  t h e r e  w a s  a t r e n d  t o w a r d s  a d e c r e a s e  i n  
t h e  r a t e s  o f  p y r u v a t e - s t i m u l a t e d  r e s p i r a t i o n  on e x p o s u r e  
t o  cadmium c h l o r i d e ,  t h i s  e f f e c t  was a c c e n t u a t e d  when t h e  
s y s t e m  w a s  u n c o u p l e d  b y  C C C P  -  a s  r e f l e c t e d  b y  t h e  
r e d u c t i o n  i n  t h e  C C C P - s t i m u l a t e d  r a t e s  ( T a b l e  3 . 3 ) a n d  
t h e  u n c o u p l e d  r a t e s  o f  b o t h  NADH a n d  FADH2 o x i d a t i o n
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( T a b l e s  3 . 5  an d  3 . 6 ) .  S i m i l a r  r e s u l t s  w e r e  r e p o r t e d  b y  
M u l l e r  & O k n e s o r g e  ( 1 9 8 4 ) o f  a d e c r e a s e  i n  t h e  C C C P -  
s t i m u l a t i o n  o f  r e s p i r a t i o n  when h e p a t o c y t e s  f r o m  s t a r v e d  
r a t s  w e r e  i n c u b a t e d  i n  t h e  p r e s e n c e  o f  2 0 jaM c a d m i u m  
c h l o r i d e  an d  2 7 . 8 mM g l u c o s e .  S i n c e  NADH i s  t h e  m a j o r  
r e d u c i n g  e q u i v a l e n t  p r o d u c e d  f r o m  t h e  o x i d a t i o n  o f  
p y r u v a t e  ( F i g  3 . 2 ) ,  t h e s e  r e s u l t s  a r e  n o t  u n e x p e c t e d  i n  
t h e  l i g h t  o f  p r e v i o u s  o b s e r v a t i o n s  w i t h  s u c c i n a t e  (a b o v e )  
and i m p l i c a t e  NADH a v a i l a b i l i t y  o r  o x i d a t i o n  as t h e  r a t e  
-  l i m i t i n g  f a c t o r .  A p o s s i b l e  i n h i b i t i o n  o f  p y r u v a t e  
d e h y d r o g e n a s e  b y  c a d m i u m  c h l o r i d e  v i a  d i h y d r o l i p o y l  
d e h y d r o g e n a s e  ( S t e i n  & S t e i n ,  1 9 7 1 ) w o u l d  a l s o  r e s t r i c t  
t h e  a v a i l a b i l i t y  o f  a c e t y l C o A  and h e n c e ,  t h e  s y n t h e s i s  o f  
r e d u c i n g  e q u i v a l e n t s  i n  t h e  m i t o c h o n d r i a .  T h i s  w o u l d  
r e s u l t  i n  a d e c r e a s e  i n  t h e  u n c o u p l e d  r a t e s  o f  NADH 
o x i d a t i o n ,  a n d  t o  a l e s s e r  e x t e n t ,  F A D H 2 o x i d a t i o n  -  as  
i s  o b s e r v e d  i n  t h e  p r e s e n t  s t u d i e s .  H o w e v e r ,  t h e  
p r e d o m i n a n t  s o u r c e  o f  e n e r g y  i n  h e p a t o c y t e s  i s o l a t e d  f r o m  
s t a r v e d  r a t s  i s  i t s  e n d o g e n o u s  f a t t y  a c i d s ,  g i v i n g  r i s e  
t o  an  a b u n d a n c e  o f  a c e t y l C o A  w h i c h  w o u l d  f e e d  i n t o  t h e  
K r e b s  c y c l e  s i n c e  l i v e r  g l y c o g e n  i n  t h e  r a t  i s  a l m o s t  
c o m p l e t e l y  d e p l e t e d  a f t e r  24 h o u r s  o f  s t a r v a t i o n  ( S t a r t  & 
Newsholm e,  1 9 6 8 ) .
The  d o s e - r e l a t e d  d e c r e a s e  i n  t h e  l a c t a t e - s t i m u l a t e d  
r a t e s  o f  r e s p i r a t i o n  w a s  a l s o  r e f l e c t e d  i n  t h e  C C C P -  
s t i m u l a t e d  r a t e  o f  o x y g e n  c o n s u m p t i o n  ( T a b l e  3 . 2 ) and t h e  
u n c o u p l e d  r a t e s  o f  b o t h  NADH and FADH2 o x i d a t i o n  ( T a b l e s
3 . 5  and 3 . 6 ) .  As  w i t h  p y r u v a t e ,  l a c t a t e  p r o d u c e s  NADH as
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i t s  m a j o r  r e d u c i n g  e q u i v a l e n t  ( F i g .  3 . 2 ) and an e f f e c t  on 
t h e  p r o d u c t i o n  o r  o x i d a t i o n  o f  NADH c o u l d  a l s o  a c c o u n t  
f o r  t h e  d e c r e a s e d  r a t e s  o f  b o t h  NADH and FADH2 o x i d a t i o n  
o b s e r v e d .  H o w e v e r ,  t h e  d e g r e e  o f  i n h i b i t i o n  o f  o x y g e n  
u p t a k e  w a s  m o r e  p r o n o u n c e d  w h e n  l a c t a t e  w a s  u s e d ,  a s  
com pared  w i t h  p y r u v a t e .  A  d e c r e a s e  i n  t h e  c e l l u l a r  
u p t a k e  o f  l a c t a t e  w o u l d  r e s u l t  i n  a r e d u c t i o n  i n  t h e  
a v a i l a b i l i t y  o f  p r e c u r s o r s  f o r  NADH p r o d u c t i o n  and hen ce  
d i m i n i s h  o x y g e n  c o n s u m p t i o n .
S t u d i e s  w i t h  s u c c i n a t e  s u g g e s t e d  t h a t  e l e c t r o n  
t r a n s p o r t  f r o m  s u c c i n a t e  d e h y d r o g e n a s e  t o  c y t o c h r o m e  a / a 3 
was u n a f f e c t e d  b y  c a d m i u m  c h l o r i d e .  T h e r e f o r e ,  i n  t h e  
ca s e  o f  p y r u v a t e  and l a c t a t e ,  t h e  a p p a r e n t  i n h i b i t i o n  o f  
t h e  u n c o u p l e d  r a t e s  o f  FADH2 o x i d a t i o n  c o u l d  be due t o  a 
l a c k  o f  F A D H 2 o r  t h e  s u b s t r a t e  p r o d u c i n g  i t ,  f u r t h e r  
s u p p o r t i n g  an  e f f e c t  o f  c a d m i u m  c h l o r i d e  on  t h e  s u p p l y  o f  
p r e c u r s o r s  a n d / o r  p r o d u c t i o n  o f  NADH i n  t h e  m i t o c h o n d r i a .
The  e v i d e n c e  p r e s e n t e d  so  f a r  s u g g e s t s  t h a t  t h e  
p r o c e s s ( s )  a f f e c t e d  b y  c a d m i u m  c h l o r i d e  c o u l d  b e  t h e  
p r o d u c t i o n  a n d / o r  o x i d a t i o n  o f  NADH. T h e  s y n t h e s i s  o f  
NADH i n  t h e  m i t o c h o n d r i a  w o u l d  depend on t h e  a v a i l a b i l i t y  
o f  p r e c u r s o r s  w i t h i n  t h e  c e l l .  F u r t h e r  s t u d i e s  on  t h e  
u p t a k e  o f  a d d e d  l a c t a t e  a n d  p y r u v a t e  i n t o  h e p a t o c y t e s  
hav e  s h o w n  a d o s e - r e l a t e d  d e c r e a s e  i n  t h e  u p t a k e  o f  
l a c t a t e  a f t e r  30  m i n  i n c u b a t i o n  w i t h  1 2 . 5  a n d  5 0 pM 
cadmium c h l o r i d e ,  w i t h  a s i g n i f i c a n t  d e c r e a s e  i n  t h e
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u p t a k e  o f  p y r u v a t e  a f t e r  4 5  m in  e x p o s u r e  t o  5 0 p M  cadmium 
c h l o r i d e  ( C h a p t e r  4 ) .  I f  cadmium c h l o r i d e  i n h i b i t e d  t h e  
t r a n s p o r t  o f  l a c t a t e  a n d / o r  p y r u v a t e  i n t o  t h e  h e p a t o c y t e ,  
t h e n  t h e  r e d u c e d  a v a i l a b i l i t y  o f  p r e c u r s o r s  w o u l d  l i m i t  
t h e  p r o d u c t i o n  o f  r e d u c i n g  e q u i v a l e n t s  a n d  h e n c e ,  
d e c r e a s e  o x y g e n  c o n s u m p t i o n .  I f  t h i s  i s  n o t  t h e  r a t e  
l i m i t i n g  s t e p ,  t h e n  t h e s e  r e s u l t s  c o u l d  i m p l y  a d e c r e a s e  
i n  t h e  m e t a b o l i s m  o f  t h e s e  s u b s t r a t e s ,  r e s u l t i n g  i n  a 
d i m i n i s h e d  s u p p l y  o f  r e d u c i n g  e q u i v a l e n t s  i n  t h e  
m i t o c h o n d r i a ,  h e n ce  o x y g e n  c o n s u m p t i o n .  An i n h i b i t i o n  o f  
one o r  more  o f  t h e  NAD- 1  i n k e d  d e h y d r o g e n a s e s  i n  t h e  K r e b s  
c y c l e  w o u l d  d e c r e a s e  t h e  m e t a b o l i s m  o f  a d d e d  l a c t a t e  o r  
p y r u v a t e .  I n  a n y  c a s e ,  a d e c r e a s e  i n  t h e  c o n c e n t r a t i o n  
o f  r e d u c i n g  e q u i v a l e n t s  i n  t h e  m i t o c h o n d r i a  w o u l d  be 
c o n s i s t e n t  w i t h  p r e v i o u s  o b s e r v a t i o n s  o f  a r e d u c t i o n  i n  
t h e  3 - h y d r o x y b u t y r a t e : a c e t o a c e t a t e  r a t i o  i n  s u s p e n s i o n s  
o f  h e p a t o c y t e s  t r e a t e d  w i t h  cadmium c h l o r i d e  ( C h a p t e r  2 ).
A l t e r n a t i v e l y ,  i f  c a d m i u m  c h l o r i d e  a f f e c t e d  t h e  
o x i d a t i o n  o f  m i t o c h o n d r i a l  NADH v i a  an i n h i b i t i o n  o f  t h e  
a c t i v i t y  o f  NADH d e h y d r o g e n a s e ,  t h i s  w o u l d  c a u s e  a b u i l d  
up o f  NADH a n d  a r e d u c e d  m i t o c h o n d r i a l  r e d o x  s t a t e ,  
i n c o m p a t i b l e  w i t h  o b s e r v a t i o n s  f r o m  p r e v i o u s  
i n v e s t i g a t i o n s  ( C h a p t e r  2 ) .  S t u d i e s  b y  S a n a d i  e t  
a l „ ( 1 9 8 4 )  s u g g e s t  t h a t  cadm iu m  c h l o r i d e  ha’d an u n c o u p l i n g  
e f f e c t  i n  i s o l a t e d  r e s p i r i n g  m i t o c h o n d r i a  b y  p r o d u c i n g  a 
r a p i d  d i s c h a r g e  o f  t h e  p r o t o n  g r a d i e n t .  T h e  c o u p l i n g  
a c t i v i t y  o f  f a c t o r  B ,  a c o m p o n e n t  o f  m i t o c h o n d r i a l
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A T P a s e ,  w a s  a l s o  i n h i b i t e d  b y  c a d m iu m  c h l o r i d e  ( J o s h i  & 
H u g h e s ,  1 9 8 1 ) .  I n  t h e  p r e s e n t  s t u d i e s ,  t h e  s t i m u l a t i o n  
o f  t h e  b a s a l  a n d  s u b s t r a t e - s t i m u l a t e d  r a t e s  o f  
r e s p i r a t i o n  b y  CCCP i n  t h e  p r e s e n c e  o f  c a d m iu m  c h l o r i d e  
s u g g e s t s  t h a t  t h e  m i t o c h o n d r i a  a r e  n o t  u n c o u p l e d .  I f  
cadmium i n t e r a c t e d  w i t h  t h e  m i t o c h o n d r i a l  A T P a s e s  
r e s u l t i n g  i n  a s p e c i f i c  u n c o u p l i n g ,  an  i n c r e a s e  i n  t h e  
b a s a l  o r  s u b s t r a t e - s t i m u l a t e d  r a t e s  o f  o x y g e n  c o n s u m p t i o n  
-  as o b s e r v e d  w i t h  c l a s s i c a l  u n c o u p l e r s ,  s u c h  as  2 . 4  -  
d i n i t r o p h e n o l  ( D N P )  m i g h t  b e  e x p e c t e d .  U n l i k e  D N P , 
cadmium c h l o r i d e  d i d  n o t  s t i m u l a t e  t h e  b a s a l  o r  
s u b s t r a t e - s t i m u l a t e d  r a t e s  o f  r e s p i r a t i o n  i n  h e p a t o c y t e  
s u s p e n s i o n s .  I t  i s  p o s s i b l e  t h a t  a n y  s t i m u l a t i o n  o f  
r e s p i r a t i o n  d u e  t o  u n c o u p l i n g  w a s  m a s k e d  b y  t h e  
s i m u l t a n e o u s  r e s p i r a t o r y  i n h i b i t i o n  c a u s e d  b y  c a d m i u m  
c h l o r i d e .  S u c h  e f f e c t s  h a v e  b e e n  o b s e r v e d  i n  
m i t o c h o n d r i a l  p r e p a r a t i o n s  f r o m  p u l m o n a r y  a l v e o l a r  
m a c ro p h a g e s  o f  s h e e p  l u n g ,  w h e r e b y  c a d m i u m  c h l o r i d e  a t  
5 0 pM i n h i b i t e d  s u b s t r a t e  o x i d a t i o n ,  p r e s u m a b l y  b y  
i n t e r f e r e n c e  w i t h  t h e  d e h y d r o g e n a s e s  o f  t h e  m i t o c h o n d r i a l  
r e s p i r a t o r y  c h a i n ,  a n d  a l s o  u n c o u p l e d  o x i d a t i v e  
p h o s p h o r y l a t i o n  w i t h  lO j iM  c a d m iu m  c h l o r i d e ,  w i t h o u t  
s t i m u l a t i n g  s t a t e  4 r e s p i r a t i o n ,  a s  w o u l d  b e  e x p e c t e d  
w i t h  c l a s s i c a l  u n c o u p l i n g  ( M u s t a f a  & C r o s s ,  1 9 7 1 ).
A n o t h e r  m e c h a n i s m  o f  t o x i c i t y  c o u l d  i n c l u d e  t h e  
e f f e c t  o f  c a d m i u m  c h l o r i d e  on  m i t o c h o n d r i a l  e n e r g y  
p r o d u c t i o n .  T h e  e n e r g y  d e l i v e r e d  b y  e l e c t r o n  t r a n s p o r t
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can  be u s e d  t o  c a r r y  o u t  c a l c i u m  a c c u m u l a t i o n  o r  A T P  
f o r m a t i o n ,  b u t  n o t  b o t h  s i m u l t a n e o u s l y  ( L e h n i n g e r ,  1 9 7 5 ). 
O b s e r v a t i o n s  b y  S a r i s  & J a r v i s a l o  ( 1 9 7 7 ) and c o n f i r m e d  b y  
C h a v e z  e t  a l .  ( 1 9 8 5 ) i m p l i e d  t h a t  t h e  u p t a k e  o f  c a d m iu m  
i n t o  r a t  l i v e r  m i t o c h o n d r i a  m ay  u t i l i s e  t h e  c a l c i u m  
c a r r i e r  o f  t h e  m i t o c h o n d r i o n .  I t  a p p e a r s  t h a t  t h e  u p t a k e  
o f  cadmium i s  c o n c e n t r a t i o n - d e p e n d e n t ,  i n h i b i t o r y  t o  t h e  
u p t a k e  o f  c a l c i u m  a n d  i n h i b i t e d  b y  b o t h  t h e  c a l c i u m -  
t r a n s p o r t  i n h i b i t o r ,  r u t h e n i u m  r e d  a n d  t h e  u n c o u p l e r ,  
c a r b o n y l c y a n i d e - p - t r i f l u o r o m e t h o x y p h e n y l h y d r a z o n e  ( F C C P ) .  
P r e v i o u s  o b s e r v a t i o n s  o f  t h e  u p t a k e  o f  C d 2+ b y  
h e p a t o c y t e s  f r o m  s t a r v e d  r a t s  s h o w e d  t h a t  m o s t  o f  t h e  
added c a d m i u m  c h l o r i d e  ( 1 2 . 5  a nd  5 0 pM) w a s  t a k e n  up 
w i t h i n  t h e  f i r s t  1 5 - 3 0  m i n  o f  i n c u b a t i o n  ( C h a p t e r  2 ) .  
T h e r e f o r e ,  s h o u l d  cadm ium  u t i l i s e  t h e  c a l c i u m  c a r r i e r  f o r  
i t s  u p t a k e  i n t o  t h e  m i t o c h o n d r i a ,  o x i d a t i v e  
p h o s p h o r y l a t i o n  w o u l d  be s e v e r e l y  i m p a i r e d ,  e s p e c i a l l y  a t  
t h e  h i g h e r  d o s e  ( 5 0 j jM C d C l 2 ) a n d  A T P  c o n c e n t r a t i o n s  
w i t h i n  t h e  c e l l  w o u l d  d e c r e a s e .  I n d e e d ,  t h e  i n c u b a t i o n  
o f  h e p a t o c y t e s  f r o m  s t a r v e d  r a t s  w i t h  1 0 - l O O p M  c a d m i u m  
c h l o r i d e  f o r  30  m i n  r e s u l t e d  i n  a d o s e - r e l a t e d  d e c r e a s e  
i n  t h e  i n t r a c e l l u l a r  c o n c e n t r a t i o n s  o f  A T P  a n d  a 
c o n c o m i t a n t  i n c r e a s e  i n  ADP a n d  AMP l e v e l s  ( M u l l e r  & 
O r n e s o r g e ,  1 9 8 4 ) .  I t  i s  l i k e l y  h o w e v e r ,  t h a t  o t h e r  
e f f e c t s  o f  cadm iu m  e . g .  on t h e  N A D - l i n k e d  d e h y d r o g e n a s e s ,  
o r  e v e n  s u b s t r a t e  u p t a k e  i n t o  t h e  h e p a t o c y t e  m i g h t  be 
o c c u r r i n g  a t  t h e  same t i m e .
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I n  c o n c l u s i o n ,  i t  i s  u n l i k e l y  t h a t  cadmium c h l o r i d e  
has a f f e c t e d  t h e  o x i d a t i o n  o f  NADH i n  t h e  m i t o c h o n d r i a  o f  
t h e  h e p a t o c y t e  s y s t e m  s t u d i e d ,  d e s p i t e  s u g g e s t i o n s  o f  an 
i n h i b i t i o n  o f  NADH d e h y d r o g e n a s e  b y  c a d m i u m  c h l o r i d e  i n  
m i t o c h o n d r i a l  p r e p a r a t i o n s  f r o m  r a t  l i v e r  ( C a m e r o n  e t  
a l - ,  1 9 8 3 ) .  A l t h o u g h  c a d m i u m  m i g h t  b e  a c t i n g  a s  an 
u n c o u p l e r ,  t h i s  e f f e c t  m i g h t  be masked b y  a s i m u l t a n e o u s  
i n h i b i t i o n  o f  o n e  o r  m o r e  o f  t h e  N A D - d e p e n d e n t  d e h y d r o -  
. g e n a s e s ,  r e s u l t i n g  i n  a d e c r e a s e  i n  t h e  s y n t h e s i s  o f  
r e d u c i n g  e q u i v a l e n t s  i n  t h e  m i t o c h o n d r i a .  A l s o ,  cadmium 
m i g h t  i n h i b i t  t h e  c e l l u l a r  u p t a k e  o f  s u b s t r a t e s  e . g .  
l a c t a t e ,  t h u s  l i m i t i n g  t h e  a v a i l a b i l i t y  o f  p r e c u r s o r s  f o r  
t h e  p r o d u c t i o n  o f  r e d u c i n g  e q u i v a l e n t s .  A n d  c a d m iu m  
m i g h t  a f f e c t  m i t o c h o n d r i a l  e n e r g y  p r o d u c t i o n  b y  u t i l i s i n g  
t h e  e n e r g y  o f  e l e c t r o n  t r a n s p o r t  f o r  i t s  own u p t a k e  i n t o  
t h e  m i t o c h o n d r i o n .
S u b s t r a t e  s t i m u l a t i o n  o f  c e l l u l a r  r e s p i r a t i o n  i n
p r e - t r e a t e d  h e p a t o c y t e s
A l t h o u g h  t h e r e  w a s  l i t t l e  c h a n g e  i n  t h e  r a t e s  o f  
c e l l u l a r  r e s p i r a t i o n  when h e p a t o c y t e s  w e r e  i n c u b a t e d  w i t h  
s u c c i n a t e  a n d  c a d m i u m  c h l o r i d e  a d d e d  t o g e t h e r  ( T a b l e
3 . 1 ) ,  t h e  r a t e s  o f  s u c c i n a t e - s t i m u l a t e d  r e s p i r a t i o n  
d e c r e a s e d  i n  a d o s e - r e l a t e d  m a n n e r  i n  h e p a t o c y t e s  p r e ­
t r e a t e d  w i t h  c a d m i u m  c h l o r i d e  ( T a b l e  3 . 6 ) .  T h e  p l a s m a  
membrane o f  i s o l a t e d  r a t  h e p a t o c y t e s  i s  r e a d i l y  
p e r m e a b le  t o  s u c c i n a t e  ( P f a f f  e t  a l - ,  1 9 8 0 ) b u t  
m e t a b o l i s m  w p u l d  d e p e n d  u p o n  i t s  e n t r y  i n t o  t h e  
m i t o c h o n d r i a  v i a  t h e  d i c a r b o x y l a t e  c a r r i e r  ( F i g .  3 . 3 ) .
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F i g  3 . 3  M e t a b o l i t e  t r a n s p o r t  s y s t e m s  i n  t h e  
m i t o c h o n d r i a  ( L e h n i n g e r ,  1 9 7 5 )
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An i n c r e a s e  i n  t h e  c y t o s o l i c  c o n c e n t r a t i o n s  o f  endoge nous  
s u b s t r a t e s ,  s u c h  a s  m a l a t e  a n d  c i t r a t e  l i a b l e  f o r  
c o m p e t i t i v e  u p t a k e  w i t h  s u c c i n a t e  w o u l d  r e s t r i c t  
r e s p i r a t i o n  d u e  t o  a d d e d  s u c c i n a t e  ( P f a f f  e t  a l . ,  1 9 8 0 ) .  
I t  i s  p o s s i b l e  t h a t  cadm ium  c h l o r i d e  m i g h t  i n c r e a s e  t h e  
c y t o s o l i c  c o n c e n t r a t i o n s  o f  c i t r a t e  b y  a f f e c t i n g  t h e  NAD-  
l i n k e d  d e h y d r o g e n a s e ,  o ( - k e t o g l u t a r a t e  d e h y d r o g e n a s e  
(Webb, 1 9 6 4 ) r e s u l t i n g  i n  a p o s s i b l e  b u i l d  u p  o f  t h e s e  
i n t e r m e d i a t e s  i n  t h e  m i t o c h o n d r i a  and c y t o s o l ,  and h e nce  
r e s t r i c t  t h e  u p t a k e  o f  a d d e d  s u c c i n a t e .  A l t e r n a t i v e l y ,  
an e f f e c t  o f  c a d m i u m  c h l o r i d e  o n  t h e  d i c a r b o x y l a t e  
c a r r i e r  i t s e l f  w o u l d  l i m i t  t h e  u p t a k e  o f  added s u c c i n a t e  
i n t o  t h e  m i t o c h o n d r i a .  S i n c e  t h e  t r a n s p o r t  o f
d i c a r b o x y l a t e s  i n t o  t h e  m i t o c h o n d r i a  i s  s p e c i f i c a l l y  
i n h i b i t e d  b y  s u l p h y d r y l  r e a g e n t s  ( T z a g o l o f f ,  1 9 8 2 ) ,  an d  
c o n s i d e r i n g  t h e  a f f i n i t y  o f  c a d m i u m  f o r  t h i o l s  ( S e a r l s  e t  
a l . ,  1 9 6 1 ) ,  cadm iu m  c h l o r i d e  c o u l d  w e l l  i n t e r a c t  w i t h  t h e  
d i c a r b o x y l a t e  c a r r i e r  a n d  b l o c k  t h e  t r a n s p o r t  o f  
s u c c i n a t e  i n t o  t h e  m i t o c h o n d r i a .
T h e r e f o r e ,  t h e  c o n t r a s t  i n  t h e  e f f e c t  o f  c a d m i u m  
c h l o r i d e  o n  t h e  s u c c i n a t e - s t i m u l a t e d  r a t e s  o f  c e l l u l a r  
r e s p i r a t i o n  b y  h e p a t o c y t e s  i n c u b a t e d  w i t h  c a d m i u m  
c h l o r i d e  a n d  s u c c i n a t e  a d d e d  t o g e t h e r  o r  p r e - i n c u b a t e d  
w i t h  c a d m i u m  c h l o r i d e  b e f o r e  t h e  a d d i t i o n  o f  s u c c i n a t e ,  
c o u l d  be d u e  t o :  ( 1 ) a p r o t e c t i o n  o f  t h e  s u s c e p t i b l e
t h i o l  g r o u p s  i n  t h e  d i c a r b o x y l a t e  c a r r i e r  b y  t h e  p r e s e n c e  
o f  s u b s t r a t e  w h e n  s u c c i n a t e  an d  c a d m iu m  c h l o r i d e  w e r e
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add ed t o g e t h e r  o r  ( 2 ) an  e n h a n c e d  e f f e c t  o f  c a d m i u m  
c h l o r i d e  o n  t h e  N A D - l i n k e d  d e h y d r o g e n a s e s  i n  t h e  
m i t o c h o n d r i a  due t o  p r e - t r e a t m e n t  w i t h  cadmium c h l o r i d e  
i n  t h e  a b s e n c e  o f  a n y  a d d e d  s u b s t r a t e  r e s u l t i n g  i n  an 
i n c r e a s e  i n  t h e  c y t o s o l i c  c o n c e n t r a t i o n s  o f  e n d o g e n o u s  
m a l a t e  and c i t r a t e ,  t h u s  r e s t r i c t i n g  t h e  u p t a k e  o f  added 
s u c c i n a t e .
The d o s e - r e l a t e d  d e c r e a s e  i n  t h e  s u c c i n a t e -  
s t i m u l a t e d  r a t e s  o f  c e l l u l a r  r e s p i r a t i o n  i n  h e p a t o c y t e s  
p r e - t r e a t e d  w i t h  c a d m i u m  c h l o r i d e  w a s  r e f l e c t e d  i n  t h e  
C C C P - s t i m u l a t e d  r a t e s  o f  o x y g e n  c o n s u m p t i o n  ( T a b l e  3 . 8 ) 
and t h e  u n c o u p l e d  r a t e s  o f  F A D H 2 o x i d a t i o n  ( T a b l e  3 . 9 ) ,  
c o n s i s t e n t  w i t h  an  i n h i b i t i o n  i n  t h e  u p t a k e  o f  a d d e d  
s u c c i n a t e  s i n c e  o b s e r v a t i o n s  f r o m  p r e v i o u s  s t u d i e s  when 
s u c c i n a t e  and cadmium c h l o r i d e  w e r e  added  t o g e t h e r  ( T a b l e  
3 . 5 ) h a v e  s h o w n  t h a t  e l e c t r o n  t r a n s p o r t  f r o m  s u c c i n a t e  
d e h y d r o g e n a s e  t o  c y t o c h r o m e  a / a ^  i s  n o t  a f f e c t e d  b y  
cadmium c h l o r i d e .  F u r t h e r  e v i d e n c e  f o r  t h e  a v a i l a b i l i t y  
o f  s u c c i n a t e  a s  t h e  r a t e  l i m i t i n g  f a c t o r  i n  o x y g e n  
c o n s u m p t i o n  i n c l u d e d  t h e  l e s s e r  e f f e c t  o f  cadmium on t h e  
u n c o u p l e d  r a t e  o f  NADH o x i d a t i o n  as  c o m p a r e d  w i t h  t h e  
d o s e - r e l a t e d  d e c r e a s e  i n  t h a t  f o r  F A D H 2 ( T a b l e  3 . 9 ) .  
S i m i l a r l y ,  t h e  v a l u e s  f o r  t h e  R . C . I .  r e m a i n e d  u n c h a n g e d  
i n  t h e  p r e s e n c e  o f  cadm iu m  c h l o r i d e  e x c e p t  a t  t h e  h i g h e r  
c o n c e n t r a t i o n  ( 5 0 pM C d C l 2 ) a f t e r  60 m in  i n c u b a t i o n  ( T a b l e  
3 . 8 ) i m p l y i n g  t h a t  t h e  u n c o u p l e d  r a t e s  o f  o x y g e n  
c o n s u m p t i o n  w e r e  p r o p o r t i o n a l  t o  t h e  r a t e s  o f  s u c c i n a t e -  
s t i m u l a t e d  r e s p i r a t i o n .
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A l t h o u g h  t h e r e  m i g h t  b e  a s i m u l t a n e o u s  o c c u r r e n c e  
o f  t h e  e f f e c t s  o f  c a d m i u m  c h l o r i d e  a s  d e s c r i b e d  i n  
p r e v i o u s  s t u d i e s  ( w h e n  s u b s t r a t e  a nd  c a d m i u m  c h l o r i d e  
w e re  a d d e d  t o g e t h e r )  t h e  p r e d o m i n a n t  e f f e c t  o f  c a d m iu m  
c h l o r i d e  i n  t h e s e  p r e - t r e a t e d  h e p a t o c y t e s  a p p e a r  t o  be an 
i n h i b i t i o n  i n  t h e  u p t a k e  o f  a d d e d  s u c c i n a t e  i n t o  t h e  
m i t o c h o n d r i a ,  t h u s  r e s t r i c t i n g  r e s p i r a t i o n  an d  e n e r g y  
p r o d u c t i o n .
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1 . B a s a l  r a t e s  o f  c e l l u l a r  r e s p i r a t i o n  d e c r e a s e d  
s l i g h t l y  i n  h e p a t o c y t e s  e x p o s e d  t o  h i g h  d o s e s  o f  
cadmium c h l o r i d e  (5  0 p M ) a f t e r  l h  i n c u b a t i o n .  
H e p a t o c y t e s  i n c u b a t e d  w i t h  ImM l a c t a t e  e x h i b i t e d  a 
d o s e - r e l a t e d  d e c r e a s e  i n  o x y g e n  u p t a k e  w i t h  a 
s u g g e s t i o n  o f  a r e d u c t i o n  i n  p y r u v a t e - s t i m u l a t e d  
r e s p i r a t i o n .  No s i g n i f i c a n t  e f f e c t s  o f  c a d m i u m  
c h l o r i d e  w e r e  o b s e r v e d  when s u c c i n a t e  was used .
2 . CCCP was l e s s  e f f e c t i v e  i n  s t i m u l a t i n g  r e s p i r a t i o n  
i n  h e p a t o c y t e s  i n c u b a t e d  w i t h  cad m iu m ,  t h i s  e f f e c t  
b e i n g  m o r e  p r o n o u n c e d  w i t h  l a c t a t e  a n d  p y r u v a t e  
t h a n  w i t h  s u c c i n a t e  as t h e  added s u b s t r a t e .
3 . T h e r e  w a s  no  s i g n i f i c a n t  e f f e c t  o f  c a d m i u m  on  t h e  
u n c o u p l e d  r a t e  o f  F A D H 2 o x i d a t i o n  w h e n  s u c c i n a t e  
was t h e  a d d e d  s u b s t r a t e  ( u n l i k e  l a c t a t e  o r  
p y r u v a t e )  s u g g e s t i n g  t h a t  e l e c t r o n  t r a n s p o r t  w a s  
n o t  i m p a i r e d  f r o m  s u c c i n a t e  d e h y d r o g e n a s e  t o  
c y t o c h r o m e  a / a ^ .
4 . The u n c o u p l e d  r a t e s  o f  NADH o x i d a t i o n  s h o w e d  a 
d o s e - r e l a t e d  d e c r e a s e  w i t h  l a c t a t e ,  w i t h  s m a l l e r  
r e d u c t i o n s  when p y r u v a t e  and s u c c i n a t e  w e r e  used .
5 . H e p a t o c y t e s  p r e - t r e a t e d  w i t h  c a d m i u m  c h l o r i d e  
d i s p l a y e d  a d o s e - r e l a t e d  d e c r e a s e  i n  t h e  r a t e s  o f
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s u c c i n a t e - s t i m u l a t e d  r e s p i r a t i o n ,  C C C P - s t i m u l a t i o n  
o f  t h e  s u c c i n a t e - e n h a n c e d  r a t e s  an d  t h e  u n c o u p l e d  
r a t e s  o f  F A D H 2 o x i d a t i o n  w i t h  l e s s e r  e f f e c t s  on t h e  
u n c o u p l e d  r a t e s  o f  NADH o x i d a t i o n .  V a l u e s  f o r  t h e  
R . C . I .  r e m a i n e d  u n ch a n g e d  e x c e p t  a t  t h e  h i g h e r  d o s e  
a f t e r  l h .
T h e r e f o r e ,  p o s s i b l e  m e c h a n i s m s  o f  t o x i c i t y  c o u l d  
i n c l u d e :
a )  a d e c r e a s e  i n  t h e  c e l l u l a r  u p t a k e  o f  l a c t a t e  ( a n d  
p o s s i b l y  p y r u v a t e  -  b u t  s e e  C h a p t e r  4 ) d u e  t o  
e f f e c t s  on i t s  c a r r i e r s .
b)  an i n h i b i t i o n  o f  o n e  o r  m o r e  o f  t h e  K r e b  c y c l e  N A D -  
d e p e n d e n t  d e h y d r o g e n a s e s .
c )  a l o s s  o f  r e d u c i n g  e q u i v a l e n t s  f r o m  t h e  
m i t o c h o n d r i a  as  m a l a t e  a n d  c i t r a t e  ( i n  r e l a t i o n  t o  
b )  .
d )  an i m p a i r m e n t  o f  t h e  d i c a r b o x y l a t e  c a r r i e r  i n  
h e p a t o c y t e s  p r e - t r e a t e d  w i t h  cadmium c h l o r i d e .
e )  an i m p a i r m e n t  i n  m i t o c h o n d r i a l  e n e r g y  p r o d u c t i o n  
due t o  t h e  m i t o c h o n d r i a l  u p t a k e  o f  C d 2+.
L e s s  l i k e l y  s u g g e s t i o n s  i n c l u d e :  
i )  an i n h i b i t i o n  o f  NADH d e h y d r o g e n a s e ,  
i i )  t h e  u n c o u p l i n g  o f  o x i d a t i v e  p h o s p h o r y l a t i o n  via 
an e f f e c t  on t h e  m i t o c h o n d r i a l  A T P a s e .
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Th e  p e r t u r b a t i o n  i n  m i t o c h o n d r i a l  e n e r g y  p r o d u c t i o n  
i n  h e p a t o c y t e s  e x p o s e d  t o  c a d m i u m  c h l o r i d e  h a s  b e e n  
r e p o r t e d  b y  M u l l e r  & O b n e s o r g e  ( 1 9 8 4 ) a n d  s u p p o r t e d  b y  
t h e  r e s u l t s  o f  t h e  p r e c e d i n g  c h a p t e r s  (2 & 3 ) .  T h e  a i m  
o f  t h i s  s e r i e s  o f  e x p e r i m e n t s  w a s  t o  i n v e s t i g a t e  t h e  
m ech a n ism  b y  w h i c h  c a d m i u m  i n d u c e d  a r e d u c e d  c y t o s o l i c  
r e d o x  s t a t e  i n  h e p a t o c y t e s  a n d  i t s  e f f e c t  o n  a n  e n e r g y  
r e q u i r i n g  p r o c e s s  s u c h  as g l u c o n e o g e n e s i s .
The  f i r s t  s t u d y  e x a m i n e d  t h e  i n f l u e n c e  o f  c a d m iu m  
c h l o r i d e  on g l y c o g e n o l y s i s  i n  h e p a t o c y t e s  f r o m  f e d  r a t s .  
G l y c o g e n ,  g l u c o s e  a n d  l a c t a t e  i n  h e p a t o c y t e  s u s p e n s i o n s  
w e r e  m e a s u r e d  a t  t i m e d  i n t e r v a l s .
A s e c o n d  s t u d y  i n v e s t i g a t e d  t h e  e f f e c t  o f  c a d m iu m  
c h l o r i d e  on  g l u c o n e o g e n e s i s  f r o m  l a c t a t e  and p y r u v a t e  i n  
h e p a t o c y t e s  f r o m  s t a r v e d  r a t s .  T h e  d i s a p p e a r a n c e  o f  
g l u c o n e o g e n i c  p r e c u r s o r s  a n d  t h e  f o r m a t i o n  o f  g l u c o s e  
w e re  m o n i t o r e d .
H e p a t o c y t e s  e x p o s e d  t o  cadmium c h l o r i d e  e x h i b i t e d  a 
r e d u c e d  u p t a k e  o f  a d d e d  l a c t a t e  i n t o  t h e  m e d i u m .  T h i s  
c o u l d  be  d u e  t o  a d i r e c t  e f f e c t  o f  c a d m i u m  c h l o r i d e  on  
t h e  m e c h a n i s m  o f  l a c t a t e  u p t a k e  o r  a d e c r e a s e  i n  i t s  
m e t a b o l i s m .  F o r  t h i s  p u r p o s e ,  s t u d i e s  w e r e  c a r r i e d  o u t  
on t h e  i n t r a c e l l u l a r  l a c t a t e  c o n c e n t r a t i o n s  i n  
h e p a t o c y t e s  f r o m  b o t h  f e d  and s t a r v e d  r a t s .
4 . 1  INTRODUCTION
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D e t a i l s  o f  t h e  a n i m a l s  u s e d ,  p r e p a r a t i o n  o f  
h e p a t o c y t e s  a n d  t h e  a n a l y s i s  o f  r e s u l t s  a r e  g i v e n  i n  
s e c t i o n s  2 . 2 . 1 - 2 . 2 . 3  a n d  2 . 2 . 9  o f  C h a p t e r  2 . A l l  
c h e m i c a l s  w e r e  f r o m  t h e  S ig m a  C h e m i c a l  C o . ,  P o o l e ,  D o r s e t  
u n l e s s  s p e c i f i e d  o t h e r w i s e .
4 . 2 . 1  IN CU B A T IO N S
H e p a t o c y t e s  i s o l a t e d  f r o m  n o r m a l l y  f e d  o r  s t a r v e d  
{18 -  24  h‘) r a t s  w e r e  d i l u t e d  t o  2 -  3 x  1 0 6 c e l l s / m l  w i t h  
i n c u b a t i o n  m e d i u m  ( s e c t i o n  2 . 2 . 2 ) ,  p l a c e d  i n t o  5 0 m l  
c o n i c a l  f l a s k s  i n  1 0 m l  a l i q u o t s  a n d  i n c u b a t e d  i n  a 
s h a k i n g  w a t e r  b a t h  a t  3 7 °C .  S t o c k  s o l u t i o n s  o f  c a d m iu m  
c h l o r i d e  w e r e  p r e p a r e d  ( 0 . 5  & 2 mg C d C l  2 2 z . H 2 0 /m 1 i n
d i s t i l l e d  w a t e r )  and 5 7 p l  added t o  h e p a t o c y t e  s u s p e n s i o n s  
ab o ve  ( 1 2 . 5  & 5 0 pM C d C l 2 , f i n a l  c o n c e n t r a t i o n s )  a n d  5 7 p. 1 
d i s t i l l e d  w a t e r  a d d e d  t o  c o n t r o l  s u s p e n s i o n s  o f  
h e p a t o c y t e s .
I n  t h e  s t u d y  o f  g l y c o g e n o l y s i s ,  h e p a t o c y t e s  f r o m  
f e d  r a t s  w e r e  i n c u b a t e d  e x a c t l y  as d e s c r i b e d  a b o ve .  F o r  
t h e  i n v e s t i g a t i o n  o f  g l u c o n e o g e n e s i s ,  l a c t a t e  a n d  
p y r u v a t e  ( 0 . 2 M s t o c k  s o l u t i o n s  o f  t h e  s o d iu m  s a l t  made up 
i n  d i s t i l l e d  w a t e r )  w e r e  added t o  h e p a t o c y t e  s u s p e n s i o n s  
f r o m  s t a r v e d  r a t s  t o  a f i n a l  c o n c e n t r a t i o n  o f  Im M  
t o g e t h e r  w i t h  t h e  c a d m i u m  c h l o r i d e  ( 1 2 . 5  & 5 0 jaM, f i n a l  
c o n c e n t r a t i o n )  a t  t h e  s t a r t  o f  t h e  i n c u b a t i o n s .  
En d o ge n o u s  g l u c o s e  p r o d u c t i o n  w a s  d e t e r m i n e d  a t  t i m e d  
i n t e r v a l s  i n  h e p a t o c y t e s  i n c u b a t e d  i n  t h e  a b s e n c e  o f
4 . 2  MATERIALS AND METHODS
-126-
4 . 2 . 2  MEASUREMENT OF GLYCOGEN
G l y c o g e n  w a s  m e a s u r e d  a c c o r d i n g  t o  t h e  m e t h o d  o f  
K e p p l e r  & D e c k e r  ( 1 9 7 4 ) u s i n g  t h e  enzym e a m y l o g l u c o s i d a s e  
w h i c h  h y d r o l y s e s  g l y c o g e n  t o  g l u c o s e .  The  g l u c o s e  f o r m e d  
was d e t e r m i n e d  w i t h  h e x o k i n a s e  a n d  g l u c o s e - 6 - p h o s p h a t e  
d e h y d r o g e n a s e  ( s e c t i o n  4 . 2 . 3 ) .
S am p le  p r e p a r a t i o n
A t  t i m e d  i n t e r v a l s ,  0 . 5 m l h e p a t o c y t e  s u s p e n s i o n s  
f r o m  f e d  r a t s  w e r e  re m o v e d  f r o m  t h e  i n c u b a t i o n  f l a s k s  and 
t r a n s f e r r e d  i n t o  g l a s s  L P 4 t u b e s  ( L u c k h a m  L t d ,  B u r g e s s  
H i l l ,  E n g l a n d )  i n  i c e .  A f t e r  c e n t r i f u g a t i o n  f o r  1 m in  a t  
2 , 5 0 0 g i n  a B e c k m a n  J 6 c e n t r i f u g e .  t h e  s a m p l e s  w e r e  
m i x e d  and p l a c e d  c o v e r e d ,  i n  a b o i l i n g  w a t e r  b a t h  f o r  2 -  
5 m i n .  The  c o o l e d  s a m p le s  w e r e  s o n i c a t e d  f o r  5 - 1 0  se c  
( U l t r a s o n i c s  L t d ,  Dawe I n s t r u m e n t s ,  E n g l a n d )  a n d  s t o r e d  
a t  -  2 0°C f o r  a s s a y  t h e  f o l l o w i n g  d a y .
A s s a y
An a l i q u o t  ( l O O j i l )  o f  p r e p a r e d  s a m p le  was i n c u b a t e d  
w i t h  0 . 5m l  o f  b u f f e r - e n z y m e  s o l u t i o n  ( l m g  a m y l o g l u c o ­
s i d a s e  i n  1 0 ml'  0 . 2  M a c e t a t e  b u f f e r ,  p H 4 . 8 ) i n  a s h a k i n g  
w a t e r  b a t h  a t  3 7 °C f o r  4 h.  G l y c o g e n  s t a n d a r d s  ( 0 . 2 5  -  
2mg/ml i n  w a t e r ) ,  s a m p l e  b l a n k s  ( c o n t a i n i n g  s a m p l e  
i n c u b a t e d  w i t h  0 . 5 m l  0 , 2 M a c e t a t e  b u f f e r ,  p H 4 . 8 , o n l y )  
and r e a g e n t  b l a n k s  ( c o n t a i n i n g  w a t e r  i n s t e a d  o f  s a m p l e )
lactate and pyruvate.
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w e re  r u n  i n  p a r a l l e l .  A t  t h e  e n d  o f  t h e  i n c u b a t i o n ,  t h e  
s a m p le s  w e r e  c e n t r i f u g e d  f o r  1 5  m i n  a t  2 , 5 0 0 g i n  a 
Beckman J 6 c e n t r i f u g e  t o  r e m o v e  t h e  c e l l  d e b r i s .  G l u c o s e  
i n  t h e  s u p e r n a t a n t  w a s  m e a s u r e d  a s  i n  s e c t i o n  4 . 2 . 3 . 
A f t e r  c o r r e c t i o n  f o r  f r e e  g l u c o s e  w i t h  s a m p l e  b l a n k s ,  
g l u c o s e  c o n c e n t r a t i o n s  w e r e  e x p r e s s e d  i n  t e r m s  o f  
g l y c o g e n  c o n t e n t  ( p g / 1 0  c e l l s ) .  U t i l i s a t i o n  o f  g l y c o g e n  
was c a l c u l a t e d  w i t h  r e s p e c t  t o  i n i t i a l  c o n c e n t r a t i o n s  o f  
g l y c o g e n  a n d  e x p r e s s e d  a s  j i g  g l y c o g e n  u t i l i s e d / 1 0 5c e l I s  
o v e r  t h e  t i m e s  i n d i c a t e d .
4 . 2 . 3  MEASUREMENT OF GLUCOSE
G l u c o s e  w a s  m e a s u r e d  a c c o r d i n g  t o  t h e  m e t h o d  o f  
B e r g m e y e r  e t  a l .  ( 1 9 7  4 ) u s i n g  a m i x t u r e  o f  t h e  e n z y m e s ,  
h e x o k i n a s e  an d  g l u c o s e - 6 - p h o s p h a t a s e  i n  t h e  p r e s e n c e  o f  
ATP a n d  N A D P .  T h e  f o r m a t i o n  o f  N A D P H  a t  3 4 0 nm i s  
p r o p o r t i o n a l  t o  t h e  amount  o f  g l u c o s e  p r e s e n t .
A s s a y
The  p r o c e d u r e  b e l o w  w a s  u s e d  t o  m e a s u r e  g l u c o s e  
l i b e r a t e d  f r o m  g l y c o g e n  and t h e  c o n c e n t r a t i o n  o f  g l u c o s e  
i n  c e l l  e x t r a c t s  ( s e c t i o n  2 . 2 . 8 ) and  i n  t h e  m e d i u m  o f  
h e p a t o c y t e  s u s p e n s i o n s .  I n t r a c e l l u l a r  g l u c o s e  
c o n c e n t r a t i o n s  ( s e c t i o n  4 . 2 . 5 ) w e r e  d e t e r m i n e d  u s i n g  an
i
a d a p t a t i o n  o f  t h i s  p r o c e d u r e  on a c e n t r i f u g a l  a n a l y s e r .
An a l i q u o t  ( 6 7 j i l )  o f  p r e p a r e d  s a m p le  was i n c u b a t e d  
w i t h  1m l b u f f e r  ( 0 . 3 M t r i e t h a n o l a m i n e  b u f f e r  c o n t a i n i n g
- 1 2 8 -
3mM MgS0 4 ; p H 7 . 5 ) ,  6 7 |il  o f  A T P / N A D P  s o l u t i o n  ( 1 5 0 mM A T P  
and 1 2 mM N A D P  i n  b u f f e r  a b o v e )  a n d  1 3 . 3 p l  o f  h e x o -  
k i n a s e / g l u c o s e - 6 - p h o s p h a t e  d e h y d r o g e n a s e  s u s p e n s i o n  ( 1 0 0 U 
h e x o k i n a s e / m l  i n  3 . 2 M a m m o n iu m  s u l p h a t e )  f o r  20  m i n  a t  
3 7 °C. G l u c o s e  s t a n d a r d s  ( 0 . 2  -  1 . 2 mM) w e r e  p r e p a r e d  i n  
e i t h e r  w a t e r  o r  3 % p e r c h l o r i c  a c i d  d e p e n d i n g  on  t h e  
s am p le  u n d e r  i n v e s t i g a t i o n ,  and s i m i l a r l y ,  r e a g e n t  b l a n k s  
c o n t a i n e d  6 7 p l  o f  e i t h e r  w a t e r  o r  3 % p e r c h l o r i c  a c i d .  
T h e s e  w e r e  r u n  i n  p a r a l l e l  w i t h  s a m p l e s .  T h e  c h a n g e  i n  
a b s o r b a n c e  a t  3 4 0 nm was u s e d  t o  c a l c u l a t e  g l u c o s e  c o n c e n ­
t r a t i o n s  and e x p r e s s e d  as n m o l  g l u c o s e / 1 0  ^ h e p a t o c y t e s  i n  
s u s p e n s i o n  o r  pm o l  g l u c o s e / m l  medium.  A f t e r  c o r r e c t i o n  
f o r  e n d o g e n o u s  l e v e l s  o f  g l u c o s e ,  g l u c o s e  p r o d u c t i o n  i n  
t h e  s t u d i e s  o f  g l u c o n e o g e n e s i s  w a s  e x p r e s s e d  a s  n m o l  
g l u c o s e  p r o d u c e d / l O ^ c e l l s  o v e r  t i m e d  i n t e r v a l s .  F o r  t h e  
s t u d i e s  o f  g l y c o g e n o l y s i s , g l u c o s e  p r o d u c t i o n  i n  c o n t r o l  
and c a d m i u m - t r e a t e d  h e p a t o c y t e s  w a s  c a l c u l a t e d  w i t h  
r e s p e c t  t o  t h e  i n d i v i d u a l  i n i t i a l  c o n c e n t r a t i o n s  o f  
g l u c o s e  and e x p r e s s e d  as  p m o l  g l u c o s e  p r o d u c e d / l O ^ c e l l s  
o v e r  t i m e d  i n t e r v a l s .
I n t r a c e l l u l a r  g l u c o s e  c o n c e n t r a t i o n s
G l u c o s e  c o n c e n t r a t i o n s  i n  s a m p le s  o f  c e l l  e x t r a c t s  
( s e c t i o n  4 . 2 . 5 ) w e r e  m e a s u r e d  i n  a c e n t r i f u g a l  a n a l y s e r  
(C o b a s  B i o ,  R o c h e ,  E n g l a n d )  u s i n g  an  a d a p t a t i o n  o f  t h e  
p r o c e d u r e  a b o v e .  T h i s  was n e c e s s a r y  b e c a u s e  o f  t h e  s m a l l  
sam p le  v o l u m e s  i n v o l v e d .  A p r o p o r t i o n a l  m i x t u r e  ( a s  i n  
method  f o r  g l u c o s e  a b o v e )  o f  b u f f e r ,  A T P / N A D P  s o l u t i o n  
and m i x e d  e n z y m e  s u s p e n s i o n  wa s  p r e p a r e d  a n d  p l a c e d  i n
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t h e  m a i n  w e l l .  T h e  r e a c t i o n  w a s  s t a r t e d  w i t h  t h e  
a d d i t i o n  o f  s a m p l e  a n d  a l l o w e d  t o  i n c u b a t e  a t  3 7 °C f o r  5 
m in .  G l u c o s e  s t a n d a r d s  ( 0 . 3 , 0 . 6  & 1 . 2 mM i n  6 %
p e r c h l o r i c  a c i d )  w e r e  r u n  a l o n g s i d e  s a m p l e s .  I n t r a ­
c e l l u l a r  g l u c o s e  c o n c e n t r a t i o n s  w e r e  e x p r e s s e d  as  p m o l  
g l u c o s e / 1 0 6 c e l l s .
I n s t r u m e n t  s e t t i n g s  u s e d
1 . U n i t s mmol / 1
2 . C a l c u l a t i o n  f a c t o r 0
3 . S t a n d a r d  1 ( c o n c e n t r a t i o n ) 0 . 3
4 . S t a n d a r d  2 ( c o n c e n t r a t i o n ) 0 . 6
5 . S t a n d a r d  3 ( c o n c e n t r a t i o n ) 1 . 2
6 . L i m i t 2
7 . T e m p e r a t u r e  ( d e g .  C ) 3 7 . 0
8 . T y p e  o f  a n a l y s e s 5
9 . W a v e l e n g t h  (nm) 340
1 0 . Sample  v o lu m e  ( p i ) 10
1 1 . D i l u e n t  ( w a t e r )  v o lu m e  ( p i ) 15
1 2 . R e a g e n t  v o lu m e  ( p i ) 150
1 3 . I n c u b a t i o n  t i m e  ( s e c ) 0
1 4 . S t a r t  r e a g e n t  v o lu m e  ( p i ) 0
1 5 . T im e  o f  f i r s t  r e a d i n g  ( s e c ) 5
1 6 . T im e  i n t e r v a l  ( s e c ) 300
1 7 . Number o f  r e a d i n g s 02
1 8 . B l a n k i n g  mode 1
1 9 . P r i n t o u t  mode 1
4 . 2 . 4  MEASUREMENT OF PYRUVATE
P y r u v a t e  i n  h e p a t o c y t e  s u s p e n s i o n s  w a s  m e a s u r e d  
a c c o r d i n g  t o  an  a d a p t a t i o n  o f  t h e  m e t h o d  i n  s e c t i o n  
2 . 2 . 8 . A f t e r  d e p r o t e i n i s a t i o n  w i t h  1 2 % p e r c h l o r i c  a c i d  
and c e n t r i f u g a t i o n  t o  re m o v e  t h e  c e l l  d e b r i s ,  s a m p le s  o f  
c e l l  e x t r a c t s  w e r e  p r o c e s s e d  i n  a c e n t r i f u g a l  a n a l y s e r  
(C o b a s  B i o ,  R o c h e ,  E n g l a n d  ) w i t h  t h e  i n s t r u m e n t  s e t t i n g s  
b e lo w .  T h e  u s e  o f  t h e  c e n t r i f u g a l  a n a l y s e r  a l l o w e d  f o r  
d i r e c t  m e a s u r e m e n t  o f  p y r u v a t e  i n  c e l l  e x t r a c t s  w i t h o u t
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t h e  need f o r  n e u t r a l i s a t i o n  w i t h  2 M KOH. A p r o p o r t i o n a l  
m i x t u r e  ( a s  i n  m e t h o d  f o r  p y r u v a t e  i n  s e c t i o n  2 . 2 . 8 ) o f  
b u f f e r  and  NADH s o l u t i o n  w a s  p r e p a r e d  a n d  p l a c e d  i n  t h e  
m a in  w e l l .  The r e a c t i o n  was s t a r t e d  w i t h  t h e  a d d i t i o n  o f  
l O p l  LDH s o l u t i o n  ( a b o u t  4 0 0 U / m l )  p l a c e d  i n  t h e  s t a r t  
r e a g e n t  w e l l  an d  a s e r i e s  o f  f i v e  r e a d i n g s  a t  60  s e c  
i n t e r v a l s  w a s  u s e d  t o  m o n i t o r  t h e  p r o g r e s s  o f  t h e  
r e a c t i o n .  P y r u v a t e  s t a n d a r d s  ( 0 . 2 , 0 . 5  & Im M  i n  3 %
p e r c h l o r i c  a c i d )  w e r e  r u n  a l o n g s i d e  s a m p l e s .  R e s u l t s  
w e re  e x p r e s s e d  as  mM p y r u v a t e  i n  h e p a t o c y t e  s u s p e n s i o n s  
and t h e  u p t a k e  o f  p y r u v a t e  e x p r e s s e d  as  n m o l  p y r u v a t e  
r e m o v e d / l O ^ c e l I s  a t  t h e  t i m e s  i n d i c a t e d .
I n s t r u m e n t  s e t t i n g s  u se d
1 . U n i t s m m o l/ I
2 . C a l c u l a t i o n  f a c t o r 0
3 . S t a n d a r d  1 ( c o n c e n t r a t i o n ) 0 . 2
4 . S t a n d a r d  2 ( c o n c e n t r a t i o n ) 0 . 5
5 . S t a n d a r d  3 ( c o n c e n t r a t i o n ) 1 . 0
6 . L i m i t 2 . 0
7 . T e m p e r a t u r e  ( d e g .  C ) 3 7 . 0
8 . T y p e  o f  a n a l y s i s 6
9 . W a v e l e n g t h  (nm) 340
1 0 . Sample  v o lu m e  ( p i ) 10
1 1 . D i l u e n t  ( w a t e r )  v o lu m e  ( p i ) 10
1 2 . R e a g e n t  v o lu m e  ( p i ) 150
1 3 . I n c u b a t i o n  t i m e  ( s e c ) 10
1 4 . S t a r t  r e a g e n t  v o lu m e  ( p i ) 10
1 5 . T im e  o f  f i r s t  r e a d i n g  ( s e c ) 1 . 0
1 6 . T im e  i n t e r v a l  ( s e c ) 60
1 7 . Number o f  r e a d i n g s 05
1 8 . B l a n k i n g  mode 1
1 9 . P r i n t o u t  mode 1
4 . 2 . 5  MEASUREMENT OF IN T R A C E L L U L A R  METABOLITES
I s o l a t e d  h e p a t o c y t e s  w e r e  r a p i d l y  s e p a r a t e d  f r o m  
t h e  s u s p e n d i n g  med ium  u s i n g  a m o d i f i c a t i o n  o f  t h e  m e thod
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o f  C o r n e l l  ( 1 9 8 0 ) .  H e p a t o c y t e s  i n  s u s p e n s i o n s  w e r e  
c e n t r i f u g e d  t h r o u g h  a w a t e r  i m m i s c i b l e  l i q u i d  ( h y d r o ­
c a r b o n )  i n t o  a m o r e  d e n s e  a c i d  p h a s e  w h i l e  t h e  m e d iu m  
r e m a in e d  a b o ve  t h e  h y d r o c a r b o n  l a y e r .
M ethod
A t  t i m e d  i n t e r v a l s ,  a l i q u o t s  o f  c e l l  s u s p e n s i o n  
( 1m l)  w e r e  re m o v e d  f r o m  t h e  i n c u b a t i o n  f l a s k s  and l a y e r e d  
c a r e f u l l y  o n t o  a m i x t u r e  o f  b r o m i n a t e d  h y d r o c a r b o n s  
( 0 . 5ml c o n s i s t i n g  o f  4 1 . 2 5 g b r o m o d o d e c a n e  p -  1 . 0 3 8  and  
0 . 7 4 9 g d o d e c a n e  p = 0 . 7 4 9  , w i t h  a f i n a l  d e n s i t y  o f  1 . 0 2 8 ) 
w h i c h  wa s  a b o v e  a l a y e r  o f  6 % p e r c h l o r i c  a c i d  ( 0 . 1 5 m l ,  
y?=1 . 0 5 ) i n  p l a s t i c  L P 4 t u b e s  ( L u c k h a m  L t d ,  B u r g e s s  H i l l ,  
E n g l a n d )  i n  i c e .  S a m p le s  w e r e  c e n t r i f u g e d  i m m e d i a t e l y  a t  
2 , 5 0 0 g f o r  1 m i n  i n  a B e c k m a n  J 6 c e n t r i f u g e  t o  s e d i m e n t  
t h e  c e l l s .  A l i q u o t s  o f  m e d i u m  ( 0 . 3 m l )  w e r e  r e m o v e d  f o r  
a n a l y s i s  o f  m e t a b o l i t e s  i n  t h e  m e d i u m  an d  t h e  r e m a i n i n g  
0 . 7ml d i s c a r d e d  b y  s u c t i o n .  T h e  p e l l e t s  i n  t h e  a c i d  
l a y e r s  w e r e  r e s u s p e n d e d  w i t h  a m i c r o s p a t u l a  and t h e  t u b e s  
c e n t r i f u g e d  f o r  a f u r t h e r  10  m i n  a t  2 , 5 0 0 g i n  t h e  B e c k m a n  
J 6 c e n t r i f u g e .  A l i q u o t s  o f  c e l l  e x t r a c t  ( 0 . 0 3 5 m l )  w e r e  
re m o ved  i n t o  s a m p le  cups  (Cobas  B i o ,  R o c h e ,  E n g l a n d  ) f o r  
a n a l y s i s  o f  i n t r a c e l l u l a r  g l u c o s e ,  and 0 . 1 ml i n t o  p l a s t i c  
L P 3 t u b e s  ( L u c k h a m  L t d ,  B u r g e s s  H i l l ,  E n g l a n d )  f o r  t h e  
m easurem ent  o f  i n t r a c e l l u l a r  l a c t a t e .
A s s a y
I n t r a c e l l u l a r  g l u c o s e  was m e a s u r e d  i n  a c e n t r i f u g a l  
a n a l y s e r  a s  d e s c r i b e d  i n  s e c t i o n  4 . 2 . 3 . I n t r a c e l l u l a r
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l a c t a t e  w a s  m e a s u r e d  u s i n g  a m o d i f i c a t i o n  o f  t h e  m e t h o d  
d e s c r i b e d  i n  s e c t i o n  2 . 2 . 8 . T h e  a l i q u o t  o f  c e l l  e x t r a c t  
( 0 . 1m l)  w a s  i n c u b a t e d  w i t h  1 2 p l  6 M NaOH,  0 . 4 5 m l  b u f f e r ,  
0 . 05ml NAD+ s o l u t i o n  a n d  0 . 0 1 m l  LDH s u s p e n s i o n  f o r  l h  a t  
37 °C. L i t h i u m  L - l a c t a t e  s t a n d a r d s  ( 0 . 2  -  Im M )  i n  6 % 
p e r c h l o r i c  a c i d  w e r e  r u n  i n  p a r a l l e l  a n d  t h e  r e a g e n t  
b l a n k  c o n t a i n i n g  0 . 1 m l  6 % p e r c h l o r i c  a c i d  i n s t e a d  o f  
sa m p le .  A t  t h e  e n d  o f  t h e  i n c u b a t i o n ,  t h e  s a m p l e  w a s  
t r a n s f e r r e d  i n t o  a q u a r t z  m i c r o c u v e t t e  ( S c i e n t i f i c  
S u p p l i e s  C o ,  L o n d o n ) )  a n d  t h e  c h a n g e  i n  a b s o r b a n c e  a t  
3 4 0 nm m e a s u r e d  i n  a s p e c t r o p h o t o m e t e r  (Lambda 5 , P e r k i n  
E l m e r ,  U b e r l i n g e n ,  F . R . G e r m a n y ) e m p l o y i n g  t h e  i n ­
s t r u m e n t ' s  f a c i l i t y  (common beam mask) f o r  m e a s u r i n g  t h e  
a b s o r b a n c e  o f  s m a l l  v o l u m e s  ( m i n i m u m  v o l u m e  0 . 3 m l )  i n  a 
m i c r o c u v e t t e .  I n t r a c e l l u l a r  l a c t a t e  c o n c e n t r a t i o n s  w e r e  
e x p r e s s e d  i n  t e r m s  o f  p m o l  l a c t a t e / l O ^ c e l l s .
V a l i d a t i o n
Some s i m p l e  t e s t s  w e r e  p e r f o r m e d  t o  c h e c k  t h e  
v a l i d i t y  o f  t h e  c e l l  s e p a r a t i o n  t e c h n i q u e .  S e p a r a t i o n  
was j u d g e d  t o  be c o m p l e t e  b y  m i c r o s c o p i c  e x a m i n a t i o n  o f  
t h e  medium a f t e r  c e n t r i f u g a t i o n .  C o m p l e t e  r e m o v a l  o f  t h e  
medium a n d  c a r e f u l  m i x i n g  o f  t h e  p e l l e t  e n s u r e d  a 
c o n t a m i n a t i o n - f r e e  a c i d  e x t r a c t .  T o  c h e c k  t h i s ,  t h e  
s e p a r a t i o n  p r o c e d u r e  w a s  c a r r i e d  o u t  u s i n g  m e d i u m  
c o n t a i n i n g  ImM l a c t a t e .  A n a l y s i s  o f  t h e  a c i d  l a y e r  f o r  
l a c t a t e  a f t e r  r e m o v a l  o f  t h e  medium and c a r e f u l  a g i t a t i o n  
o f  t h e  a c i d  l a y e r  t o  s i m u l a t e  m i x i n g  o f  t h e  p e l l e t ,  
showed no c o n t a m i n a t i o n  b y  l a c t a t e  f r o m  t h e  medium.
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The  i n f l u e n c e  o f  c a d m i u m  c h l o r i d e  on  t h e  u t i l i s a ­
t i o n  o f  i n t r a c e l l u l a r  g l y c o g e n  i n  h e p a t o c y t e s  i s o l a t e d  
f r o m  f e d  r a t s  i s  s h o w n  i n  F i g .  4 . 1 . I n i t i a l  g l y c o g e n  
c o n c e n t r a t i o n s  w e r e  b e t w e e n  4 10  -  4 7 0  p g / 1 0 ^ c e l l s .  
S u s p e n s i o n s  o f  c o n t r o l  h e p a t o c y t e s  m a i n t a i n e d  a s t e a d y  
u t i l i s a t i o n  o f  g l y c o g e n  o v e r  t h e  60 m in  i n c u b a t i o n  p e r i o d  
( 1 2 0 pg g l y c o g e n / 1 0 8 c e 1 1 s / h ) .  E x p o s u r e  t o  c a d m i u m  
c h l o r i d e  r e s u l t e d  i n  a m a r k e d  d o s e - r e l a t e d  i n c r e a s e '  i n  
g l y c o g e n o l y s i s  a n d  t h i s  e f f e c t  w a s  s i g n i f i c a n t  e v e n  a t  
t h e  l o w e r  d o s e  a f t e r  e x p o s u r e  f o r  30  m i n  ( 1 3 0  & 1 7 0 p g  
g l y c o g e n  u t i l i s e d / 1 0 ^ c e l l s / 30m in  w i t h  1 2 . 5  & 50pM C d C l 2 , 
r e s p e c t i v e l y ;  c , f .  c o n t r o l  h e p a t o c y t e s :  8 0 p g  g l y c o g e n
u t i l i s e d / 1 0 ^ c e l l s / 30m i n ) .
T h i s  s t i m u l a t i o n  o f  g l y c o g e n o l y s i s  was r e f l e c t e d  i n  
t h e  en h a n ce d  p r o d u c t i o n  o f  g l u c o s e  i n  h e p a t o c y t e s  e x p o s e d  
t o  c a d m i u m  c h l o r i d e  ( F i g .  4 . 2 ) .  S u s p e n s i o n s  o f  c o n t r o l  
h e p a t o c y t e s  p r o d u c e d  5 7 0 n m ol  g l u c o s e / 1 0 8c e l l s  o v e r  t h e  60 
m in  i n c u b a t i o n  p e r i o d .  H e p a t o c y t e s  e x p o s e d  t o  c a d m iu m  
c h l o r i d e  f o r  l h  p r o d u c e d  o v e r  t w i c e  a s  m u ch  g l u c o s e  as  
c om pared  w i t h  c o n t r o l s  ( 1 0 5 0  & l l l O n m o l  g l u c o s e  p r o -  
d u c e d / l O ^ c e l I s / h  w i t h  1 2 . 5  & 5 0 pM C d C l 2 , r e s p e c t i v e l y ;  
c . f .  c o n t r o l  h e p a t o c y t e s :  5 7 0 n m o l  g l u c o s e  p r o d u c e d /
1 0 6 c e l l s / h ) .
4 . 3  RESULTS
4 . 3 . 1  E f f e c t  o f  cadmium on g l y c o g e n o l y s i s
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F i g  4 . 1  I n f l u e n c e  o f  cadmium c h l o r i d e  on t h e  u t i l i s a t i o n ,
o f  c e l l u i a r  g l y c o g e n  by h e p a t o c y t e s  i s o l a t e d  from f e d  r a t s .
H ep a to cy te s  from fe d  r a t s  ( 2 .9  x 10 c e l l s / m l )  were In cu b a ted  in  medium c o n ta in in g  
no cadmium ( • ) ,  12.5pM  CdCl2 (▲) or 50pM CdCl2 (■ ) f o r  up t o  l h .  At tim ed  i n t e r v a l s ,  
a l iq u o t s  o f  h e p a to c y te  s u s p e n s io n s  were rem oved fo r  m easurem ent o f  i n t r a c e l l u l a r  g ly c o g e n  
( s e c t i o n  4 . 2 .2  & 4 . 2 . 3 ) .
U t i l i s a t i o n  o f  g ly g o g e n  was c a lc u la t e d  w ith  r e s p e c t  t o  i n i t i a l  c o n c e n tr a t io n s  o f  
g ly c o g e n  (410  -  4 7 0 p g /1 0  c ^ l l s )  in  c o n t r o l  and cad m iu m -trea ted  h e p a to c y te s  and e x p r e s se d  
a s  pg g ly c o g e n  u t i l i s e d / 1 0  c e l l s  o v er  th e  t im e s  in d ic a t e d .
Each v a lu e  r e p r e s e n t s  th e  mean + SEM (n = 4 o b s e r v a t io n s  from a s i n g l e  e x p e r im e n t) .
S i g n i f i c a n t ly  d i f f e r e n t  from c o n t r o l s  * * * (p  < 0 .0 1 ) .
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F l g  4 , 2  I n f l u e n c e  o f  cadmium c h l o r i d e  on t h e  p r o d u c t i o n
o f  g l u c o s e  i n t o  t h e  medium by h e p a t o c y t e s  i s o l a t e d  from
f e d  r a t s .
H ep a to cy te s  from fe d  r a t s  ( 2 .9  x 10 c e l l s / m l )  were in c u b a te d  in  medium c o n ta in in g  
no cadmium ( • ) ,  12.5pM CdCl2 (a ) or 50pM CdCl2 (■ ) fo r  l h .  At tim ed  i n t e r v a l s ,  a l iq u o t s  
o f  h e p a to c y te  s u s p e n s io n s  w ere rem oved fo r  m easurem ent o f  g lu c o s e  c o n c e n tr a t io n s  in  th e  
medium ( s e c t i o n  4 . 2 . 3 ) .
P ro d u ctio n  o f  g lu c o s e  wejs c a lc q la t e d  w ith  r e s p e c t  t o  th e  i n i t i a l  c o n c e n tr a t io n s  
o f  g iu c o s e  ( 0 .5 4  -0 .7 9 p m o l/1 0  c e l l s )  i,n c o n t r o l  and cad m iu m -trea ted  h e p a t o c y t e s ,  and 
e x p r e s se d  a s  (jrnol g lu c o s e  p ro d u ced /1 0  c e l l s  o v er  th e  t im es  in d ic a t e d .
Each v a lu e  r e p r e s e n t s  th e  mean + SEM (n = 4 o b s e r v a t io n s  from  th e  same ex p erim en t  
a s  F ig .  4 . 1 ) .
S i g n i f i c a n t l y  d i f f e r e n t  from  c o n t r o ls  *"**(p < 0 .0 1 ) .
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T h e  i n f l u e n c e  o f  c a d m i u m  c h l o r i d e  o n  t h e  
i n t r a c e l l u l a r  c o n c e n t r a t i o n  o f  g l u c o s e  i s  s h o w n  i n  
F i g .  4 . 3 . I n i t i a l  c e l l u l a r  c o n c e n t r a t i o n s  o f  g l u c o s e  
( 44nmol /  I C #  c e l l s )  i n  s u s p e n s i o n s  o f  c o n t r o l  
h e p a t o c y t e s  i n c r e a s e d  t o  72  & 8 3 nm ol  /  10 c e l l s  a f t e r  30 
& 60  m i n  i n c u b a t i o n ,  r e s p e c t i v e l y .  A s  e x p e c t e d  f r o m  
t h e  d b s e r v a t i o n s  o f  g l u c o s e  p r o d u c t i o n  i n  F i g .  4 . 2 , 
t h e r e  was a s i g n i f i c a n t  i n c r e a s e  i n  t h e  i n t r a c e l l u l a r  
c o n c e n t r a t i o n  o f  g l u c o s e  i n  h e p a t o c y t e s  e x p o s e d  t o  
cadmium c h l o r i d e  f o r  30  m i n  ( 15  & 1 4 % i n c r e a s e  w i t h
1 2 . 5  & 50 uM C d C l 2 , r e s p e c t i v e l y )  and 60  m in  (24  &
2 7 % i n c r e a s e  w i t h  12 . 5  & 5 0uM C d C l 2 , r e s p e c t i v e l y .
F i g  4 . 4  s h o w s  t h e  e f f e c t  o f  c a d m i u m  c h l o r i d e  
on  t h e  p r o d u c t i o n  o f  l a c t a t e  i n t o  t h e  m e d i u m .  
S u s p e n s i o n s  o f  c o n t r o l  h e p a t o c y t e s  p r o d u c e d  a b o u t  
5 5 nmol l a c t a t e  /  1 0 ^ c e l l s  a f t e r  30  m i n  i n c u b a t i o n ,  
w h i c h  w a s  s u b s e q u e n t l y  m e t a b o l i s e d .  I n  c o n t r a s t ,  
e x p o s u r e  t o  c a d m i u m  c h l o r i d e  r e s u l t e d  i n  a d o s e -  
r e l a t e d  i n c r e a s e  i n  l a c t a t e  p r o d u c t i o n  ( 60  & 1 1 5 %
i n c r e a s e  w i t h  1 2 . 5  & 5 0 uM C d C l 2 > a f t e r  30  m i n .  T h e  
l a c t a t e  p r o d u c e d  was  m e t a b o l i s e d  o v e r  t h e  n e x t  30 m i n ,  
as  was i n  c o n t r o l  s u s p e n s i o n s  o f  h e p a t o c y t e s .
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F i g  4 . 3  I n f l u e n c e  o f  cadmium c h l o r i d e  on t h e  i n t r a c e l l u l a r
g l u c o s e  c o n c e n t r a t i o n s  o f  h e p a t o c y t e s  i s o l a t e d  from f e d  r a t s .
* * ** * *
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Incubation period (min)
H ep a to cy te s  from  fe d  r a t s  { 2 .9  x 10 c e l l s / m l )  were in c u b a te d  in  medium c o n ta in in g  
no cadmium, 1 2 .5  or  50pM CdCl2 fo r  60 m in. At tim ed  i n t e r v a l s ,  a l iq u o t s  o f  h e p a to c y te  
s u s p e n s io n s  w ere rem oved f o r  m easurem ent o f  i n t r a c e l l u l a r  g lu c o s e  ( s e c t i o n  4 . 2 . 3 ) .
Columns r e p r e s e n t  th e  mean + SEM (n = 4  o b s e r v a t io n s  from a s i n g l e  e x p e r im e n t) .
Significantly different from controls ***(p < 0.01).
F i g  4 . 4  I n f l u e n c e  o f  cadmium c h l o r i d e  on t h e  p r o d u c t io n
o f  l a c t a t e  i n t o  t h e  medium by h e p a t o c y t e s  i s o l a t e d  from
f e d  r a t s .
Incubation period (m in)
H ep a to cy te s  from  fe d  r a t s  ( 2 .9  x 10 c e l l s / m l )  were in c u b a te d  in  medium c o n ta in in g  
no cadmium ( • ) ,  12.5pM CdCl2 (A) or 50(iM CdCl2 (■ ) fo r  I h .  At tim ed  i n t e r v a l s ,  a l iq u o t s  
o f  h e p a to c y te  su sp e n s io n  w ere rem oved f o r  th e  m easurem ent o f  l a c t a t e  in  th e  medium 
( s e c t i o n  2 . 2 . 8 ) .
P ro d u c tio n  o f  la c ta te ^ w a s  c a lc u la t e d  w ith  r e s p e c t  t o  th e  i n i t i a l  c o n c e n tr a t io n s  
o f  l a c t a t e  (260  -2 8 0 n m o l/1 0  c e l l s )  in ^ c o n tr o l  and ca d m iu m -treated  h e p a t o c y t e s ,  and 
e x p r e s se d  a s  nmol l a c t a t e  p ro d u ced /1 0  c e l l s  o v e r  th e  t im e s  in d ic a t e d .
Each v a lu e  r e p r e s e n t s  th e  mean + SEM (n = 4  o b s e r v a t io n s  from th e  same exp erim en t  
a s  F ig .  4 . 1 ) .
Significantly different from controls ***(p <0.01).
-  M-0 -
The  t w o  s u b s t r a t e s  u s e d  i n  t h e  i n v e s t i g a t i o n  o f  
g l u c o n e o g e n i c  c a p a b i l i t y  i n  h e p a t o c y t e s  f r o m  s t a r v e d  r a t s  
w e r e  l a c t a t e  a n d  p y r u v a t e .  F i g .  4 . 6  s h o w s  t h e  u p t a k e  o f  
l a c t a t e  i n  h e p a t o c y t e  s u s p e n s i o n s  o v e r  a 90  m i n  i n c u b a ­
t i o n  w i t h  ImM l a c t a t e .  S u s p e n s i o n s  o f  c o n t r o l  h e p a t o ­
c y t e s  m e t a b o l i s e d  3 6 6 n m o l  l a c t a t e /  1 0 6 c e l  1 s / 9 O m i n .  
E x p o s u r e  t o  c a d m i u m  c h l o r i d e  r e s u l t e d  i n  a d o s e - r e l a t e d  
d e c r e a s e  i n  l a c t a t e  u p t a k e ,  d o w n  t o  2 8 9  & 1 6 3 n m o l  l a c t a t e  
/ 1 0 6c e l l s  a f t e r  90  m i n  i n c u b a t i o n  w i t h  1 2 . 5  & 5 0 uM 
cadmium c h l o r i d e ,  r e s p e c t i v e l y .
4 .  .3 c, 2 E f f e c t s  o f  cadmium c h l o r i d e  on  g l u c o n e o g e n e s i s
T h e  r a t e s  o f  g l u c o n e o g e n e s i s  i n  h e p a t o c y t e  s u s p e n ­
s i o n s  u t i l i s i n g  Im M  l a c t a t e  a s  t h e  g l u c o n e o g e n i c  
p r e c u r s o r  i s  s h o w n  i n  F i g .  4 . 7 . E n d o g e n o u s  r a t e s  o f  
g l u c o s e  p r o d u c t i o n  w e r e  a p p r o x i m a t e l y  2 0 % t h a t  i n  t h e  
p r e s e n c e  o f  s u b s t r a t e .  S u s p e n s i o n s  o f  c o n t r o l  h e p a t o c y t e s  
p r o d u c e d  1 7 3 n m o l  g l u c o s e / 1 0  c e l l s  o v e r  t h e  90  m in  i n c u b a ­
t i o n .  I n  c o n t r a s t ,  e x p o s u r e  t o  cadm iu m  c h l o r i d e  r e s u l t e d  
i n  a s i g n i f i c a n t  d o s e - r e l a t e d  d e c r e a s e  i n  g l u c o n e o g e n e s i s  
f r o m  added  l a c t a t e  as  shown b y  t h e  d i m i n i s h e d  r a t e s  o f
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F i g  4 . 6  E f f e c t  o f  cadmium c h l o r i d e  on t h e  u p tak e  o f
ImM l a c t a t e  from t h e  medium o f  h e p a t o c y t e s  i s o l a t e d  from
s t a r v e d  r a t s .
Legend as in Fig. 4.5 .
-  142 -
F i g  4 . 7  E f f e c t  o f  c a d m i u m  c h l o r i d e  o n  t h e  p r o d u c t i o n  o f  
g l u c o s e  f r o m  I mM l a c t a t e  i n  t h e  m e d i u m  b y  h e p a t o c y t e s  
i s o l a t e d  f r o m  s t a r v e d  r a t s .
H ep a to cy te s  from  s ta r v e d  r a t s  ( 1 .8  x 10 c e l l s / m l  w ere in c u b a te d  in  medium c o n ta in in g  
ImM l a c t a t e  and no cadmium ( • ) ,  12.5pM  CdCl2 (A) or 50pM CdCl2 (■ ) fo r  90 m in. At tim ed  
i n t e r v a l s ,  a l iq u o t s  o f  h e p a to c y te  s u s p e n s io n s  w ere d e p r o t e in is e d  fo r  th e  m easurem ent o f  
g lu c o s e  ( s e c t io n  4 . 2 . 3 ) .
P ro d u c tio n  o f  g lu c o s e  was c a lc u la t e d  a s  th e  amount o f  g lu c o s e  p r e s e n t  a f t e r  
s u b t r a c t io n  o f  en dogenou s l e v e l s  o f  g lu c o s e  a t  th e  t im e s  in d ic a t e d .
E ndogenous r a t e s  o f  g lu c o s e  p r o d u c tio n  w ere 3 8 , 26  & 15nmol g lu c o s e  p ro d u ced /1 0  c e l l s / 9 0  min 
fo r  c o n t r o l  and ca d m iu m -trea ted  ( 1 2 .5  & 50jjM CdCl2 ) h e p a to c y te s ,  r e s p e c t i v e l y .
Each v a lu e  r e p r e s e n t s  th e  mean + SEM (n = 4  o b s e r v a t io n s  from  th e  same exp erim en t  
a s  f i g .  4 . 5 ) .
S i g n i f i c a n t ly  d i f f e r e n t  from c o n t r o ls  * * * (p  < 0 .0 1 ) .
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F i g  4 , 7  E f f e c t  o f  cadmium c h l o r i d e  on t h e  p r o d u c t i o n  o f
g l u c o s e  from ImM l a c t a t e  in  t h e  medium by h e p a t o c y t e s
i s o l a t e d  from s t a r v e d  r a t s .
H e p a to c y te s  from  s t a r v e d  r a t s  ( 1 .8  x 10 c e l l s / m l  w ere in c u b a te d  in  medium c o n t a in in g  
ImM l a c t a t e  and no cadmium (© ), 12.5pM  CdCl2 ( A )  or  50 mM CdCl2 (■ ) f o r  90 m in . At t im ed  
i n t e r v a l s ,  a l iq u o t s  o f  h e p a to c y te  s u s p e n s io n s  w ere d e p r o t e in i s e d  f o r  th e  m easurem ent o f  
g lu c o s e  ( s e c t i o n  4 . 2 . 3 ) .
P r o d u c t io n  o f  g lu c o s e  was c a lc u l a t e d  a s  th e  amount o f  g lu c o s e  p r e s e n t  a f t e r  
s u b t r a c t io n  o f  en d o g en o u s l e v e l s  o f  g lu c o s e  a t  th e  t im e s  i n d ic a t e d .
E ndogenous r a t e s  o f  g lu c o s e  p r o d u c t io n  w ere 3 8 , 26  & 15nm ol g lu c o s e  p r o d u c e d /1 0 ^ c e l l s /9 0  min  
fo r  c o n t r o l  and c a d m iu m -tre a te d  ( 1 2 .5  & 50 |jM CdCl2 ) h e p a t o c y t e s ,  r e s p e c t i v e l y .
Each v a lu e  r e p r e s e n t s  th e  mean +  SEM (n = 4 o b s e r v a t io n s  from  th e  same e x p e r im e n t  
a s  F ig .  4 . 5 ) .
S i g n i f i c a n t l y  d i f f e r e n t  from  c o n t r o l s  * * * (p  < 0 . 0 1 ) . ______________ __________________________
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g l u c o s e  p r o d u c t i o n  a f t e r  45  m i n  ( 3 6 % d e c r e a s e  w i t h  5 0 pM 
C d C l 2 ) an d  90  m i n  (25  & 5 4 % d e c r e a s e  w i t h  1 2 . 5  & 5 0 pM 
C d C l 2 , r e s p e c t i v e l y ) .  A l t h o u g h  t h e r e  was a d o s e - r e l a t e d  
d e c r e a s e  i n  l a c t a t e  u p t a k e  a n d  g l u c o s e  p r o d u c t i o n  b y  
h e p a t o c y t e s  e x p o s e d  t o  c a d m i u m  c h l o r i d e ,  t h e r e  w a s  no 
s i g n i f i c a n t  d i f f e r e n c e  w h e n  t h i s  w a s  e x p r e s s e d  a s  a 
p e r c e n t a g e  ( T a b l e  4 . 1 ) .  A l s o ,  t h e s e  r e s u l t s  s u g g e s t e d  
t h a t  a l m o s t  a l l  t h e  l a c t a t e  t a k e n  up w a s  m e t a b o l i s e d  t o  
f o r m  g l u c o s e .
The  use  o f  p y r u v a t e  as  t h e  g l u c o n e o g e n i c  p r e c u r s o r  
i s  s h o w n  b y  t h e  d e c r e a s i n g  c o n c e n t r a t i o n s  o f  a d d e d  
p y r u v a t e  i n  h e p a t o c y t e  s u s p e n s i o n s  i n c u b a t e d  w i t h  1 mm 
p y r u v a t e  o v e r  t h e  t w o  h o u r s  ( F i g .  4 . 8 ) .  S u s p e n s i o n s  o f  
c o n t r o l  h e p a t o c y t e s  e x h i b i t e d  a l i n e a r  u p t a k e  o f  
p y r u v a t e ,  m o s t  o f  w h i c h  ( 8 0 %) w a s  t a k e n  u p  w i t h i n  t h e  
f i r s t  45  m i n .  T h e r e  w a s  no  d i f f e r e n c e  i n  t h e  r a t e  o f  
m e t a b o l i s m  o f  a d d e d  p y r u v a t e  o v e r  t h e  f i r s t  30  m i n  o f  
i n c u b a t i o n  w h e n  c o m p a r e d  i n  t h e  p r e s e n c e  o r  a b s e n c e  o f  
cadmium c h l o r i d e .  H o w e v e r ,  a d o s e - r e l a t e d  d e c r e a s e  i n  
t h i s  r a t e  w a s  o b s e r v e d  a f t e r  45  m i n (5 & 2 7 % d e c r e a s e  w i t h
1 2 . 5  & 5 0 pM C d C l 2 , r e s p e c t i v e l y )  a n d  60  m i n  ( 1 5  & 2 4 % 
d e c r e a s e  w i t h  12 . 5  & 50pM C d C l 2 , r e s p e c t i v e l y )  i n c u b a t i o n  
w i t h  cadmium c h l o r i d e .
The  r e - e x p r e s s i o n  o f  t h e  d e c r e a s i n g  c o n c e n t r a t i o n s  
o f  a d d e d  p y r u v a t e  i n  t e r m s  o f  u p t a k e  b y  t h e  h e p a t o c y t e  
s u s p e n s i o n s  i s  s h o w n  i n  F i g .  4 . 9 . T h e  u p t a k e  o f  a d d e d
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T a b l e  4 , 1  C o m p a r i s o n  o f  t h e  e f f e c t  o f  c a d m i u m  c h l o r i d e  o n  
t h e  u p t a k e  o f  a d d e d  l a c t a t e  w i t h  t h e  p r o d u c t i o n  o f  g l u c o s e  i n  
h e p a t o c y t e s  i s o l a t e d  f r o m  s t a r v e d  r a t s .
Concentration Uptake of Production % Glucose
Time of CdCl2 Lactate of Glucose produced
(min) (pM) (nmol/lO^cells) (nmol/lO^cells) from lactate
45
control 166 + 9 70 + 4 84 + 5
12.5 133 + 10 68 + 5 102 + 8
50 *** 9 1 + 4 ***45 + 2 101 ±  8
90
control 366 + 7 173 + 4 95 + 3
12.5 ***289 + 10 ***130 + 5 91 + 5
50 ***163 + 6 *** 8 0 + 1 99 + 4
L egend a s  in  F ig  4 .5  and 4 . 7 .
% G lu co se  produced  from  l a c t a t e  was c a lc u la t e d  a s  p r o d u c tio n  o f  g lu c o s e  x 2 x 100
up take o f  l a c t a t e
S i g n i f i c a n t ly  d i f f e r e n t  from  c o n t r o l s  * * * (p  < 0 .0 1 ) .
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F i g  A,8 E f f e c t  o f  cadmium c h l o r i d e  on t h e  d i s a p p e a r a n c e
o f  added p y r u v a t e  (ImM) from t h e  medium by h e p a t o c y t e s
i s o l a t e d  from s t a r v e d  r a t s .
Incubation period (m in)
H ep a to cy te s  from  s ta r v e d  r a t s  (2  x 10 c e l l s / m l )  w ere in c u b a te d  in  medium c o n ta in in g  
ImM p y r u v a te  and no cadmium ( • ) ,  12.5pM  CdCl2 (A) ■ or 50 |jM CdCl2 (■ ) f o r  up to  2 h . At 
tim ed  i n t e r v a l s ,  a l iq u o t s  o f  h e p a to c y te  s u s p e n s io n s  w ere d e p r o t e in is e d  in  12% PCA fo r  th e  
m easurem ent o f  p y r u v a te  ( s e c t io n  4 . 2 . 4 ) .
11 Pyruvate(m M ) r e f e r s  t o  th e  c o n c e n t r a t io n  o f  p y ru v a te  (p m o l/m l) in  h e p a to c y te  s u s p e n s io n s .
Each v a lu e  r e p r e s e n t s  th e  mean + SEM (n = 5 o b s e r v a t io n s  from  a s i n g l e  e x p e r im e n t) .
S i g n i f i c a n t ly  d i f f e r e n t  from  c o n t r o l s  * * (p  < 0 .0 2 ) ,  * * * (p  < 0 . 0 1 ) .
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F i g  4 . 9  E f f e c t  o f  c a d m i u m  c h l o r i d e  o n  t h e  u p t a k e  o f  
I mM p y r u v a t e  i n  t h e  m e d i u m  b y  h e p a t o c y t e s  i s o l a t e d  f r o m  
s t a r v e d  r a t s .
Legend as in Fig. 4.8 .
p y r u v a t e  i n  c o n t r o l  s u s p e n s i o n s  o f  h e p a t o c y t e s  w a s  
3 1 0 n m o l / l ( # c e l l s  o v e r  t h e  f i r s t  45  m i n  o f  i n c u b a t i o n ,  
a f t e r  w h i c h  t h e r e  w a s  a r e d u c t i o n  i n  t h e  r a t e  o f  u p t a k e  
due t o  t h e  d e p l e t i o n  o f  added p y r u v a t e .  Cadmium c h l o r i d e  
had l i t t l e  e f f e c t  on  t h e  u p t a k e  o f  a d d e d  p y r u v a t e  o v e r  
t h e  f i r s t  30 m in  o f  i n c u b a t i o n ,  b u t  showed a d o s e - r e l a t e d  
d e c r e a s e  ( 2 7  & 40  d e c r e a s e  w i t h  1 2 . 5  & 5 0 pM C d C l 2 ?
r e s p e c t i v e l y )  o v e r  t h e  n e x t  30  m i n .  T h e  r e d u c e d  u p t a k e  
o f  p y r u v a t e  i n t o  h e p a t o c y t e s  e x p o s e d  t o  5 0 pM c a d m iu m  
c h l o r i d e  w a s . s t i l l  e v i d e n t  a f t e r  90 m in  i n c u b a t i o n .
F i g .  4 . 10  shows t h e  p r o d u c t i o n  o f  l a c t a t e  f r o m  ImM 
p y r u v a t e .  L a c t a t e  c o n c e n t r a t i o n s  r e a c h e d  a p e a k  o f
/T
1 1 5 nmo 1 l a c t a t e / 1 0  c e l l s  i n  s u s p e n s i o n s  o f  c o n t r o l  
h e p a t o c y t e s  a f t e r  45  m i n  i n c u b a t i o n ,  a f t e r  w h i c h  t h e r e  
was a r a p i d  m e t a b o l i s m  o f  t h e  l a c t a t e  p r o d u c e d  o v e r  t h e  
n e x t  h o u r .  E x p o s u r e  t o  c a d m i u m  c h l o r i d e  r e s u l t e d  i n  a 
s l i g h t  d e c r e a s e  i n  l a c t a t e  p r o d u c t i o n  a f t e r  45  m i n  ( 1 5 % 
w i t h  5 0 pM C d C l 2 ) b u t  u n l i k e  c o n t r o l  s u s p e n s i o n s ,  u p t a k e  
o f  t h e  l a c t a t e  p r o d u c e d  o c c u r r e d  a t  a m uch  s l o w e r  r a t e ,  
w i t h  an u p t a k e  o f  62 & 1 4 n m o l  l a c t a t e / 1 0 8c e l l s  w i t h  12 . 5  
& 5 0 pM c a d m i u m  c h l o r i d e ,  r e s p e c t i v e l y  o v e r  t h e  n e x t  45 
m in  i n c u b a t i o n  ( c . f .  c o n t r o l  h e p a t o c y t e s :  9 5 n m ol  l a c t a t e
t a k e n  u p / 1 0 6c e l l s ) .
The  r a t e s  o f  g l u c o n e o g e n e s i s  i n  h e p a t o c y t e  s u s p e n ­
s i o n s  u t i l i s i n g  Im M  p y r u v a t e  a s  t h e  g l u c o n e o g e n i c  
p r e c u r s o r  i s  s h o w n  i n  F i g .  4 . 1 1 . S u s p e n s i o n s  o f  c o n t r o l
-i+s-
F i g  4 . 1 0  E f f e c t  o f  c a d m i u m  c h l o r i d e  o n  t h e  p r o d u c t i o n  o f  
l a c t a t e  f r o m  Im M  p y r u v a t e  i n  t h e  m e d iu m  b y  h e p a t o c y t e s  
i s o l a t e d  f r o m  s t a r v e d  r a t s .
Incubation period (m in)
Hepatocytes from starved  ra ts  (2 x lO ^ c e lls /m l)  were incubated in  medium 
containing  ImM pyruvate and no cadmium (•), 12.5pM CdCl2 (A) or 50pM CdCl2 (■) fo r up 
to 2h. At timed in t e r v a ls ,  a liq u o ts  of hepatocyte suspensions were deproteinised in  
12%  PCA for measurement of la c ta te  (sectio n  2 .2 .8 ) .
Production of la g ta te  was ca lc u la te d  with respect to the i n i t i a l  concentrations  
of la c ta te  (< 2nm ol/10 c e l ls )  and expressed as nmol la c ta te  produced/10 c e l ls  at the times 
in d ica te d .
Each value represents the mean + SEM (n = 5 observations from the same experiment 
as F ig . 4 .8 ) .
S ig n i f i c a n t l y  d i f f e r e n t  from  c o n t r o l s  ***(p  < 0 .0 1 ) .
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F i g  A . H  E f f e c t  o f  c a d m i u m  c h l o r i d e  o n  t h e  p r o d u c t i o n  o f  
g l u c o s e  f r o m  Im M  p y r u v a t e  b y  . h e p a t o c y t e s . v f r o n r s t a r v e d  . r a t s .
Incubation period (m in )
Hepatocytes from starved r a t s  (2 x 10  c e lls /m l)  were incubated in  medium containing  
ImM pyruvate and no cadmium (•), 12.5pM CdCl2 (A )o r 50pM CdCl2 (■) for up to 2h. At 
timed in t e r v a ls ,  hepatocyte suspensions were deproteinised in  12% PCA for measurement of 
of glucose (sectio n  4 . 2 . 3 ) .
Production of glucose was c a lc u la te d  as the amount of glucose presen t ®fter 
su b tractio n  of endogenous le v e ls  of glucose a t the times in d ica te d .’
Endogenous ra te s of glucose production were 40, 23 & 14nmol glucose produced/106c e l ls /2 h  
for co n tro l & cadmium-treated ( 1 2 .5  & 50pM CdCl2 ) hepatocytes, re s p e c tiv e ly .
Each value represents the mean + SEM (n = 5 observations from the same experiment 
as F ig . 4 . 8) .
S ig n i f i c a n t l y  d i f f e r e n t  from  c o n t r o l s  ***(p  < 0 .0 1 ) .
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h e p a t o c y t e s  d i s p l a y e d  a l i n e a r  r a t e  o f  g l u c o s e  p r o d u c t i o n  
o v e r  t h e  f i r s t  60 m i n  ( 1 0 3 n m o l  g l u c o s e / 1 0 6c e l l s / h )  b u t  
t h i s  r a t e  d e c r e a s e d  t o  25nmol g l u c o s e  p r o d u c e d / 1 0 ^ c e l l s / h  
o v e r  t h e  n e x t  60 m i n  d u e  t o  t h e  d e p l e t i o n  o f  t h e  a d d e d  
p y r u v a t e .  I n  c o n t r a s t ,  h e p a t o c y t e s  e x p o s e d  t o  c a d m i u m  
c h l o r i d e  d i s p l a y e d  a r e d u c e d  g l u c o n e o g e n i c  c a p a b i l i t y ,  as 
shown b y  t h e  d o s e - r e l a t e d  d e c r e a s e  i n  t h e  r a t e s  o f  
g l u c o s e  p r o d u c t i o n  o v e r  t h e  f i r s t  60 m i n  (44  & 62% 
d e c r e a s e  w i t h  12.5  & 50jaM C d C l 2 / r e s p e c t i v e l y ) .  T h e  
r a t e s  o f  g l u c o s e  p r o d u c t i o n  i n  c o n t r o l  a n d  c a d m i u m -  
t r e a t e d  h e p a t o c y t e s  c a n n o t  b e  c o m p a r e d  q u a n t i t a t i v e l y  
o v e r  t h e  n e x t  60 m i n  i n c u b a t i o n  d u e  t o  t h e  r e d u c t i o n  i n  
g l u c o s e  p r o d u c t i o n  i n  c o n t r o l  s u s p e n s i o n s  o f  h e p a t o c y t e s  
as a r e s u l t  o f  t h e  d e p l e t i o n  o f  added p y r u v a t e .  Even  s o ,  
i t  c a n  b e  s e e n  t h a t  g l u c o s e  p r o d u c t i o n  h a d  d e c r e a s e d  
d r a m a t i c a l l y  i n  h e p a t o c y t e s  e x p o s e d  t o  c a d m i u m  c h l o r i d e  
as s h o w n  b y  t h e  l o w e r e d  t o t a l  g l u c o s e  p r o d u c t i o n  (100 &
58nmol glucose/lO^cells) after two hour's incubation (qf.
'  '  fic o n t r o l  h e p a t o c y t e s :  130nmol g l u c o s e  p r o d u c e d / 1 0 Dc e l l s
a f t e r  2h ) .  The  c a l c u l a t e d  p e r c e n t a g e  o f  g l u c o s e  p r o d u c e d
f r o m  p y r u v a t e  sh ow e d  a d o s e - r e l a t e d  d e c r e a s e  a f t e r  45 m in
(21 & 34% d e c r e a s e  w i t h  12.5 & 50pM C d C l 2 ) and 90 m in  (21
& 49% d e c r e a s e  w i t h  12.5 & 50pM C d C l 2 ) i n c u b a t i o n  w i t h
cadmium c h l o r i d e  ( T a b l e  4 .2 ) ,  u n l i k e  t h e  p r e v i o u s  r e s u l t s
when l a c t a t e  was t h e  g l u c o n e o g e n i c  p r e c u r s o r  ( T a b l e  4 .1 ) .
4.3.3 Effect of cadmium chloride on the metabolism of
lactate
In  o r d e r  t o  i n v e s t i g a t e  t h e  m e c h a n i s m  o f  t h e
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T a b l e  f t . 2 C o m p a r i s o n  o f  t h e  e f f e c t  o f  c a d m i u m  c h l o r i d e  o n  
t h e  u p t a k e  o f  a d d e d  p y r u v a t e  w i t h  t h e  p r o d u c t i o n  o f  g l u c o s e  
a n d  l a c t a t e  i n  h e p a t o c y t e s  i s o l a t e d  f r o m  s t a r v e d  r a t s .
T i m e C o n c e n t r a t i o n U p t a k e  o f P r o d u c t i o n P r o d u c t i o n %  G l u c o s e
( m i n ) o f  C d C l 2 ( | _ i M ) P y r u v a t e o f  L a c t a t e o f  G l u c o s e p r o d u c e d
( n m o l / 1 0  c e l l s ) ( n m o l / 1 0  c e l l s ) ( n m o l / 1 0  c e l l s ) f r o m  p y r u v a t e
4 5
c o n t r o l 3 1 0  +  6 1 1 7  +  2 7 3  +  2 4 7  +  2
1 2 . 5 2 9 8  +  4 1 1 7  +  2 5 5  +  3 * * * 3 7  +  4
5 0 * * * 2 2 6  +  1 0 9 9  +  3 * * * 3 4  +  2 3 1 + 8
9 0
c o n t r o l 3 3 0  +  5 20 +  2 120  +  2 7 3  +  4
1 2 . 5 * * 3 8 0  +  4 * * *  5 3 + 1 * * * 1 0 5  +  2 * * * 5 8  +  5
5 0 * * * 2 8 6  +  2 * * *  8 7 + 5 * * *  5 3  „ +  2 * * * 3 7  +  4
Legend as in  F ig .  4 .9  -  4 . 1 1 .
% Glucose produced from pyruvate was c a lc u la te d  as production of glucose x 2 x 100
uptdke of pyruvate
S ig n i f i c a n t l y  d i f f e r e n t  from  c o n t r o l s  **(p  < 0 .0 2 ) , ***(p  < 0 .0 1 ) .
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r e d u c e d  u p t a k e  o f  l a c t a t e  b y  h e p a t o c y t e s  e x p o s e d  t o  
cadmium c h l o r i d e ,  t h e  f i r s t  e x p e r i m e n t  i n v o l v e d  t h e  u s e  
o f  h e p a t o c y t e s  f r o m  f e d  r a t s  and co m p a re d  t h e  c o n c e n t r a ­
t i o n  o f  l a c t a t e  p r o d u c e d  i n t o  t h e  medium w i t h  t h e  i n t r a ­
c e l l u l a r  l a c t a t e  c o n c e n t r a t i o n .  T h e  p r o d u c t i o n  o f  
l a c t a t e  i n t o  t h e  m e d i u m  i s  s h o w n  i n  F i g  4 . 1 2 .  A s  
e x p e c t e d  f r o m  p r e v i o u s  e x p e r i m e n t s  ( F i g .  4 . 4 ) ,  e x p o s u r e  
t o  c a d m i u m  c h l o r i d e  r e s u l t e d  i n  an i n c r e a s e  i n  l a c t a t e  
p r o d u c t i o n  a s  s h o w n  b y  t h e  r i s i n g  c o n c e n t r a t i o n s  o f  
l a c t a t e  i n  t h e  i n c u b a t i o n  m e d i u m .  T h e  c o r r e s p o n d i n g  
i n t r a c e l l u l a r  l a c t a t e  c o n c e n t r a t i o n s  a r e  s h o w n  i n  F i g .  
4 .1 3 .  T h e  i n i t i a l  c e l l u l a r  l a c t a t e  c o n c e n t r a t i o n  i n  
s u s p e n s i o n s  o f  c o n t r o l  h e p a t o c y t e s  was 1 6 .8 n m o l/1 0 6c e l l s .  
T h i s  v a l u e  i n c r e a s e d  t o  2 0 . 2 n m o l / 1 0 6c e l l s  a f t e r  30 m i n  
i n c u b a t i o n  a n d  d r o p p e d  t o  1 4 n m o l / l 06c e l 1 s a f t e r  60 m i n  
i n c u b a t i o n .  E x p o s u r e  t o  c a d m i u m  c h l o r i d e  r e s u l t e d  i n  a 
d o s e - r e l a t e d  i n c r e a s e  i n  t h e  i n t r a c e l l u l a r  c o n c e n t r a t i o n  
o f  l a c t a t e  a f t e r  30 m i n  (6 & 16% i n c r e a s e  w i t h  12.5 & 
50pM C d C l 2 r r e s p e c t i v e l y )  a n d  60 m i n  (36 & 44% i n c r e a s e  
w i t h  12.5 & 50pM C d C ^ f  r e s p e c t i v e l y ) .
A s e c o n d  e x p e r i m e n t  c o m p a re d  t h e  d i s a p p e a r a n c e  o f  
added l a c t a t e  ( ImM) i n  t h e  m edium o f  h e p a t o c y t e s  i s o l a t e d  
f r o m  s t a r v e d  f a t s ,  w i t h  t h e  c o r r e s p o n d i n g  i n t r a c e l l u l a r  
c o n c e n t r a t i o n  o f  l a c t a t e .  F i g .  4.14 s h o w s  t h e  e f f e c t  o f  
cadmium c h l o r i d e  o n  t h e  u p t a k e  o f  a d d e d  l a c t a t e  b y  
h e p a t o c y t e  s u s p e n s i o n s .  As  shown p r e v i o u s l y  i n  F i g .  4.5, 
h e p a t o c y t e s  e x p o s e d  t o  cadm iu m  c h l o r i d e  sh ow e d  a r e d u c e d
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F i g  A . 1 2  I n f l u e n c e  o f  c a d m i u m  c h l o r i d e  o n  t h e  c o n c e n t r a t i o n  
o f  l a c t a t e  i n  t h e  m e d i u m  o f  h e p a t o c y t e s  i s o l a t e d  f r o m  f e d  
r a t s .
Incubation period ( mi n)
Hepatocytes from fed r a ts  ( 2 . 5  x 10  c e lls /m l)  were incubated in  medium containing
no cadmium (•), 12.5pM CdCl2 (A) or 50pM CdC l2 (■) fo r 60 min. At timed in te r v a ls ,
a liq u o ts  of hepatocyte suspensions were removed for the measurement of la c ta te  concentrations
in  the medium (sectio n  2 . 2 . 8 ) .
Lactate(mM) re fe rs  to the concentration of la c ta te  in  the medium.
Each value represents the mean +  SEM (n » 4 observations from a s in g le  experiment)
S ig n if ic a n t ly  d iffe re n t from co n tro ls  ***(p < 0 .0 1) .
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F i g  4 . 1 3  I n f l u e n c e  o f  cadmium c h l o r i d e  on t h e  i n t r a c e l l u l a r
l a c t a t e  c o n c e n t r a t i o n s  in  h e p a t o c y t e s  i s o l a t e d  f rom f e d  r a t s .
2 0
1
1 0
1 2 . 5  
30 
Incubation
5 0
60
period (m in )
Hepatocytes from fed r a t s  ( 2 . 5  x 10  c e lls /m l)  were incubated in  a medium containing  
no cadmium, 1 2 .5  or 5Q|iM CdCl2 for 60 min. At timed in t e r v a ls ,  a liq u o ts  of hepatocyte 
suspensions were removed for measurement of in t r a c e llu la r  la c ta te  (sectio n  4 . 2 . 5 ) .
Fi g.
Columns represent the means + SEM (n » 4 observations from the same experiment as 
4 . 1 2 ) .
S ig n if ic a n t ly  d iffe re n t from co n tro ls  *(p <0.05) .
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F i g  4 . 1 4  I n f l u e n c e  o f  cadmium c h l o r i d e  on t h e  c o n c e n t r a t i o n
o f  l a c t a t e  in t h e  medium when h e p a t o c y t e s  i s o l a t e d  f rom
s t a r v e d  r a t s  were i n c u b a t e d  in  t h e  p r e s e n c e  o f  ImM l a c t a t e .
30
Incub ation period ( mi n)
60
Hepatocytes from starved  r a t s  ( 2 . 5  x 10  c e lls /m l)  were incubated in  medium containin g  
ImM la c ta te  and no cadmium (•), 12.5pM CdCl2^or 50nM CdCl2 (■) fo r 60 min. At timed in t e r v a ls ,  
a liq u o ts  of hepatocyte suspensions were removed for the measurement of la c ta te  in  the medium 
(se ctio n  2 . 2 . 8 ) .
Lactate(mM) re fe rs  to the concentration of la c ta te  in  the medium.
Each value represents the mean + SEM (n = 4 observations from a s in g le  experim ent). 
S ig n if ic a n t ly  d iffe re n t from co n tro ls  *(p <0. 01 ) ,  **# (p < 0. 01 ) .
u p t a k e  o f  l a c t a t e .  T h e  c o r r e s p o n d i n g  i n t r a c e l l u l a r  
c o n c e n t r a t i o n s  o f  l a c t a t e  a r e  s h o w n  i n  F i g .  4 .1 5 .  T h e  
i n i t i a l  c e l l u l a r  l a c t a t e  c o n c e n t r a t i o n  i n  s u s p e n s i o n s  o f  
c o n t r o l  h e p a t o c y t e s  w a s  1 8 n m o l / l O ^ c e l 1s ( c o m p a r a b l e  t o  
t h o s e  o b t a i n e d  b y  M u l l e r  & O h n e s o r g e  ( 1 9 8 4 )  -  2 2 n m o l  
l a c t a t e / l O ^ c e l I s  -  f o r  h e p a t o c y t e s  i n  t h e  p r e s e n c e  o f  
27.8mM g l u c o s e )  a n d  t h i s  v a l u e  i n c r e a s e d  t o  2 1 n m o l /  
l O ^ c e l l s  a f t e r  30 m i n ,  b u t  d r o p p e d  t o  1 6 n m o l / 1 0 ^ c e l l s  
o v e r  t h e  f o l l o w i n g  30 m i n .  U n l i k e  t h e  p r e v i o u s  s t u d y  
w i t h  h e p a t o c y t e s  f r o m  f e d  r a t s ,  t h e r e  was no s i g n i f i c a n t  
d i f f e r e n c e  i n  t h e  i n t r a c e l l u l a r  l a c t a t e  c o n c e n t r a t i o n s  
b e t w e e n  c o n t r o l  and c a d m i u m - t r e a t e d  h e p a t o c y t e s .
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F i g  f t . 15 I n f l u e n c e  o f  cadmium c h l o r i d e  on t h e  i n t r a c e l l u l a r
l a c t a t e  c o n c e n t r a t i o n s  when h e p a t o c y t e s  i s o l a t e d  f rom s t a r v e d
r a t s  were  i n c u b a t e d  in t h e  p r e s e n c e  of  ImM l a c t a t e .
2 0
©©
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o
3  1 0
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60
period ( m in)
Hepatocytes from starved r a t s  ( 2 . 5  x 10  c e lls /m l)  were incubated in  medium containin g  
ImM la c ta te  and no cadmium, 1 2 .5  or 50pM CdCl2 for 2 h. At timed in t e r v a ls ,  a liq u o ts  of 
hepatocyte suspension were removed for measurement of in t r a c e l lu la r  la c ta te  (se ctio n  4 . 2 . 5 ) .
Columns represent the means + SEM (n = 4 observations from the same experiment as 
F i g .  4 . 1 4 ) .
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Stimulation of glycogenolysis
Hyperglycaemia and a decrease in liver glycogen 
have been observed in a variety of experimental animals 
exposed to cadmium chloride: in rats (Merali & Singhal, 
1976; Singhal et al., 1976) mice (Ghafghazi & Mennear,
1973) and rainbow trout (Lowe-Jinde & Niimi, 1984). In 
the present studies, exposure to c a d mium chloride 
resulted in an enhanced stimulation of glycogenolysis in 
hepatocyte suspensions from fed rats (Fig. 4.1), 
consistent with reported observations in vivo. An 
increase in glycogenolysis in hepatocytes exposed to 
cadmium chloride has not been reported in the literature. 
As would be expected, the accelerated production of 
glucose into the medium in hepatocytes exposed to cadmium 
chloride (Fig. 4.2) was accompanied by an increase in the 
intracellular glucose concentrations (Fig. 4.3). It is 
unlikely that an increase in gluconeogenesis could have 
accounted for the enhanced production of glucose into the 
medium since further experiments (section 4.3.2) have 
shown a reduction in gluconeogenesis in hepatocytes 
exposed to cadmium chloride.
A stimulation in glycogenolysis could occur in a few 
ways (Fig. 4.16). (1) The endocrine regulation of protein
kinase via adenylate cyclase and cAMP would not be 
applicable in the present system due to the absence of 
hormones in the medium used. (2) The activation of
4.4 DISCUSSION
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F i g  4 . 1 6  P a t h w a y  o f  g l y c o g e n o l y s i s  i n  t h e  l i v e r ,
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phosphorylase kinase by calcium would bypass regulation 
by adenylate cyclase and cAMP. (3) The allosteric 
activation of phosphorylase b by AMP would stimulate 
glycogenolysis at a point further down the sequence of 
events. Although an inhibition of cAMP phosphodiesterase 
by cadmium (Sutherland et al®, 1974) would increase 
residual levels of cAMP in the hepatocyte system used, 
this is unlikely considering the time difference 
(approximately Ih) between the beginning of the isolation 
procedure with perfusion buffers (at which point, 
endogenous hormonal influences would begin to cease) and 
the administration of cadmium chloride at the start of 
the incubation. Therefore, the significance of AMP and 
calcium only are discussed in the stimulation of glyco­
genolysis in isolated hepatocytes.
Hepatocytes exposed to cadmium chloride exhibited a 
diminished rate of endogenous respiration (Chapter 3) 
suggesting an inhibition in the production of cellular 
energy. Indeed, a decrease in the cellular concentration 
of ATP, with a corresponding increase in ADP and AMP 
levels was observed by Muller & Ohnesorge (1984) in 
hepatocytes exposed to cadmium chloride. Also, studies 
using isolated rat mitochondria have suggested a role of 
cadmium in the collapse of the electrochemical gradient 
(Sanadi et al-, 1984 ; Chavez et al-, 1985). The decrease 
in oxidative phosphorylation by cadmium chloride from 
studies in vivo (Diamond & Kench, 1974 ; Southard et al®,
1974) and in vitro (Mustafa & Cross, 1971) would also 
contribute towards a lowered cellular energy level. A 
demand for ATP under oxidative stress would stimulate 
glycogenolysis via the action of AMP on phosphorylase b 
(Hunter & Jefferson, 1969). Therefore, a simple explana­
tion for the enhanced rate of glycogenolysis would be its 
stimulation due to a decrease in cellular energy.
The role of calcium in the stimulation of 
glycogenolysis has not been studied as thoroughly in 
liver (Exton, 1979) as in muscle (Goldsworthy et al.,
1981). However, phosphorylase a activity in isolated 
hepatocytes has been shown to be dependent on the 
cytosolic free calcium concentration in the absence of 
added hormones via the activation of phosphorylase kinase 
b (Blackmore & Exton, 1982 ; Exton et al«, 1983; Thor et 
al., 1984). An interaction of cadmium with the uptake of 
calcium into the mitochondria has been observed from 
studies using mitochondrial preparations (Saris & 
Jarvisalo, 1977; Chavez et al., 1985) and offered as a 
possible explanation for the effect of cadmium chloride 
on cellular respiration (previous chapter). Also, the 
release of intramitochondrial calcium from rat mitochon­
drial preparations (Chavez et al., 1985) could contribute 
towards an increase in the cytosolic concentrations of 
calcium, perhaps high enough to stimulate glycogenolysis 
(10"8 - 10”5M for the activation of phosphorylase kinase 
b - Chrisman et al., 1982). If the uptake of cadmium
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in to the mitochondria resulted in a utilisation of the 
energy of electron transport (Saris & Jarvisalo, 1977; 
Chavez et al., 1985) and hence, a reduction in oxidative 
phosphorylation, it is possible that the enhanced rate of 
glycogenolysis observed in the present studies could be 
due to the synergistic effects of AMP and calcium on the 
stimulation of glycogen breakdown.
Previous observations of a cadmium-induced increase 
in the lactate:pyruvate ratio of hepatocyte suspensions 
from fed rats led to the present investigation of the 
effect of cadmium chloride on glycogenolysis. An accele­
rated rate of glycolysis, as shown by the enhanced 
production of lactate into the medium of hepatocytes 
incubated with cadmium chloride would be consistent with 
a disturbance in cellular energy production as described 
above. Therefore, the resulting increase in cellular ADP 
and AMP would stimulate glycolysis at the regulatory 
enzyme, phosphofructokinase, in order to compensate for 
the declining ATP levels. Following the increase in 
cytosolic NADH, the formation of lactate would allow the 
regeneration of NAD for the glyceraldehyde-3-phosphate 
dehydrogenase reaction of glycolysis to proceed. To my 
knowledge, there is no documented evidence to date to 
suggest a direct stimulation of the key enzymes of glyco­
lysis, phosphofructokinase and pyruvate kinase, by 
cadmium chloride.
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In summary, the cellular conditions responsible for 
the increased glycogenolysis observed in the present 
study are probably a decrease in cellular ATP and an 
increase in extramitochondria1 calcium. However, the 
alterations in carbohydrate metabolism (hyperglycaemia 
and decrease in liver glycogen) observed in experimental 
animals after long-term oral exposure to cadmium (Merali 
& Singhal, 1976) have been attributed primarily to 
insulin deficiency, mediated by a direct effect of 
cadmium on the pancreas. Therefore, the present studies 
might suggest a mechanism for the hyperglycaemia observed 
in vivo with the direct action of cadmium on cellular 
conditions within the hepatocyte.
Inhibition of gluconeogenesis
Observations from previous experiments of an 
oxidised mitochondrial redox state (Chapter 2) and an 
inhibition of cellular respiration (Chapter 3) in hepato­
cytes exposed to cadmium chloride have suggested an 
effect of cadmium on the energy status of the cell. 
Therefore, the gluconeogenic ability of these hepatocytes 
was investigated using lactate and pyruvate as gluconeo­
genic precursors.
The diminished rate of gluconeogenesis from ImM 
lactate as shown by the decreased production of glucose 
(Fig. 4.7) was also reflected in the decreased uptake of 
lactate from the medium (Fig 4.6) when hepatocytes were
incubated with cadmium chloride. A reduction in the rate 
of gluconeogenesis has also been reported for hepatocyte 
suspensions utilising lOmM lactate as the gluconeogenic 
precursor (Tolbert et al., 1981; Muller & Ohnesorge, 
1984). Such a situation could arise from: (1) a decrease
in cellular energy, (2) an inhibition of the key enzymes 
of gluconeogenesis and (3) an inhibition of the cellular 
transport of lactate.
The regulation of gluconeogenesis by the energy 
status of the cell is shown in Fig. 4.17. Therefore, an 
increase in cellular ADP and AMP, as reported by Muller & 
Ohnesorge (1984), could limit the production of oxalo- 
acetate and fructose-6-phosphate by regulation at 
pyruvate carboxylase and fructose-1,6-phosphatase, 
respectively. Although an inhibition of one or more of 
the key regulatory enzymes of gluconeogenesis would limit 
the rate of glucose production, such an effect has not 
been reported. Rather, elevated activities of these 
enzymes, pyruvate carboxylase, phosphoenolpyruvate 
carboxykinase, fructose-1,6-diphosphatase and glucose-6- 
phosphatase, have been reported after parenteral adminis­
tration of cadmium chloride (Singhal et al., 1974; Merali 
& Singhal et al., 1976), due to the effect of cadmium on 
the secretion of insulin.
The reduced rate of uptake of lactate from the 
medium (Fig. 4.6) could be due to an inhibition in the
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F i g  4 . 1 7  R e g u l a t i o n  o f  g l y c o l y s i s  a n d  g l u c o n e o g e n e s i s  b y  
t h e  ' e n e r g y  s t a t u s '  o f  t h e  c e l l  ( r e p r o d u c e d  f r o m  N e w s h o l m e  
& S t a r t .  1 9 7 3 ) .
G6Pase : Glucose-6-phosphatase
PEPCK : Phosphoenolpyruvate carboxykinase
PC : Pyruvate carboxylase
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mechanism of cellular transport of lactate, and hence 
account for the decreased rate of glucose production 
observed. However, the converse could also apply i.e. 
that a decrease in the rate of gluconeogenesis, and hence 
metabolism of lactate, could have resulted in its 
decreased uptake from the medium. The calculated percen­
tage of glucose produced from lactate removed suggested 
that almost all the lactate that entered the cell had 
been channelled into gluconeogenesis, even in the pre­
sence of cadmium chloride (Table 4.1). But this still 
does not resolve whether the rate of gluconeogenesis was 
limited by the rate of cellular uptake of lactate or its 
metabolism. The experiment using pyruvate as the gluco­
neogenic precursor has provided further insight into this 
problem.
It can be seen that for the first 15 min of incuba­
tion, almost all the added pyruvate in the medium of 
control and c a d m i u m-treated hepatocytes had been 
metabolised to lactate (Fig. 4.9 & 4.10). This would be 
consistent with the virtual absence of glucose in the 
first 15 min of incubation (Fig. 4.11). Although the 
presence of cadmium chloride in the medium made little 
difference in' the uptake of pyruvate by hepatocyte 
suspensions for the first 30 min of incubations (Fig. 
4.9), there was a significant reduction in the rate of 
glucose production in the cadmium-treated hepatocytes 
within this time (Fig. 4.11), suggesting that gluconeo-
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genesis was not limited by the availability of pyruvate. 
At the same time, there was a slight decrease in the 
production of lactate in hepatocytes exposed to cadmium 
chloride suggesting a sequestration of the intermediates 
of gluconeogenesis or an increase in the metabolism of 
pyruvate to acetylCoA, and/or in the Krebs cycle.
It is unlikely that an accumulation of gluconeo­
genic intermediates had occurred in hepatocytes treated 
with cadmium chloride in the presence of ImM pyruvate 
since the previous study with lactate suggested that all 
the lactate removed had formed glucose. Alternatively, a 
higher proportion of pyruvate could have been metabolised 
to acetylCoA or channelled into the tricarboxylic acid 
cycle in the cadmium-treated cells. The decrease in the 
calculated percentage of glucose produced from pyruvate 
(Table 4.2) in hepatocytes exposed to cadmium chloride 
supports this suggestion. The synthesis of 1 molecule of 
glucose from pyruvate would require 2 molecules of NADH 
and the equivalent of 6 ATP. In contrast, the synthesis 
of 1 molecule of glucose from lactate would only require 
the equivalent of 6 ATP due to the formation of 
1 molecule of NADH at the lactate dehydrogenase reaction. 
Therefore, the difference in the calculated percentage of 
glucose formed from lactate (Table 4.1) and pyruvate 
(Table 4.2) could be attributed to an increase in the 
oxidation of pyruvate necessary fo.r the generation of 
NADH & ATP to support gluconeogenesis.
The tentative conclusions to be drawn from these 
studies could include: (a) an impairment of gluconeo­
genesis from lactate and pyruvate, (b) an impairment in 
the cellular transport of lactate into the hepatocyte and 
(c) a possible increase in the metabolism of pyruvate to 
acetylCoA and/or into the Krebs cycle, in hepatocytes 
exposed to cadmium chloride.
Interference with lactate uptake and metabolism
A small study was conducted to test the hypothesis 
of an impairment in the cellular transport of lactate 
into hepatocytes exposed to cadmium chloride. The first 
experiment used hepatocytes from fed rats, and as 
expected, the increasing concentration of lactate in the 
medium of hepatocytes exposed to cadmium chloride (Fig. 
4.12) was reflected in a dose-related increase in the 
intracellular lactate concentration (Fig. 4.13). The 
reasons for the increased lactate production in 
hepatocytes from fed rats has been discussed earlier 
(page 162 ).
The uptake of lactate into the hepatocyte occurs by 
passive diffusion and carrier-mediated transport (Monson 
et al., 1982; Fafournoux et al., 1985). Under physio­
logical conditions, lactate uptake by the liver might be 
largely carrier-mediated (> 80% at ImM lactate) with the 
rate of transport across the liver cell membrane being of 
a magnitude comparable to the rate of metabolism (Fafour-
noux et al-, 1985). From Fig. 4.18, assuming that the 
rate of exit of lactate from the hepatocyte (a2 ) was 
negligible, an inhibition of the rate of cellular uptake 
of lactate (a£ ) by cadmium chloride in hepatocytes 
isolated from starved rats could result in a decrease in 
the cellular concentration of lactate, providing the 
rates of metabolism of lactate (b, c, & d) were un­
impaired and not dependent on the rate of a-^ . If the 
converse were so, i.e. an inhibition of the rate of b, c 
or d by cadmium chloride, with no effect of cadmium 
chloride on the rate of a-^ , then an increase in the 
intracellular concentration of lactate would be expected, 
providing the rate of a^ was not dependent on the rates 
of b, c or d. If the rate of a £ was dependent on the 
rates of b, c or d, or vice versa, then an inhibition in 
either the rate of a^ or one or more of the rates of b, c 
or d would not necessarily result in a change in the 
intracellular lactate concentration. In all cases, a 
decrease in the disappearance of lactate from the medium 
would be observed.
The dose-related decrease in the disappearance of 
ImM lactate from the medium when hepatocytes from starved 
rats were incubated in the presence of cadmium chloride 
(Fig. 4.14) was not reflected in a similar decrease in 
the intracellular lactate concentrations (Fig. 4.15) 
which would have otherwise implied an impaired cellular 
transport of lactate into the hepatocyte. Unfortunately,
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F i g  4 . 1 8  A s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  u p t a k e  a n d  
m e t a b o l i s m  o f  l a c t a t e  ( I m M )  b y  h e p a t o c y t e s  i s o l a t e d  f r o m  
s t a r v e d  r a t s .
- rate of entry of lactate into the hepatocyte. 
a2 = rate of exit of lactate from the hepatocyte.
bj Cj & d - rates of metabolism of lactate as shown.
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the lack of a marked dose-response in the disappearance 
of lactate from the medium (Fig. 4.14) as compared with 
previous experiments (Fig. 4.6) could have masked any 
small changes in the intracellular lactate concentra­
tions. Even so, there was a significantly higher concen­
tration of lactate remaining in the medium after hepato­
cytes were exposed to 50pM cadmium chloride for 60 min, 
with no significant change in the cellular lactate 
concentration when compared to controls. Since the 
intracellular lactate levels in this experiment remained 
unchanged in the presence of cadmium chloride, this made 
the results rather difficult to interpret.
Therefore, it is difficult to draw any conclusions 
regarding the nature of the effect of cadmium chloride on 
the decreased uptake of lactate into the hepatocyte since 
the ambiguity of the intracellular concentrations of 
lactate in the presence of cadmium chloride could suggest 
either an effect of cadmium chloride on the lactate 
transporter resulting in a decrease in metabolism of 
lactate or alternatively, an inhibition of the rate of 
metabolism lactate resulting in its decreased uptake. 
The inhibition of lactate transport into erythrocytes and 
hepatocytes with sulphydryl reagents suggesting thiol- 
dependent lactate transport (Deuticke et al., 1978; 
Monson et al., 1982) would render the lactate transporter 
susceptible to inhibition by cadmium. Indeed, an effect 
of cadmium chloride on the lactate transporter would
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explain the marked dose-related decrease in the disappea­
rance of lactate (ImM) from the medium (Fig. 4.6) and the 
uptake of lactate produced from pyruvate (Fig. 4.10). 
The significance of an effect of cadmium chloride on the 
lactate transporter with respect to the metabolism of 
lactate is discussed in the final chapter (Chapter 5) in 
conjunction with the effects of cadmium on cellular 
respiration. The impaired rate of gluconeogenesis from 
pyruvate in hepatocytes exposed to cadmium chloride could 
imply a similar inhibition when lactate was the gluconeo­
genic precursor since the two substrates share a common 
gluconeogenic pathway. The implications of a decrease in 
the cellular uptake of lactate in the presence of a 
reduced cytosolic redox state are also discussed in the 
final chapter. An impaired rate of gluconeogenesis would 
be consistent with a perturbation in mitochondrial energy 
production (Muller & Ohnesorge, 1984). Therefore, it is 
possible that the intracellular lactate concentrations 
remained unchanged in the presence of cadmium chloride 
due to the synergistic effects of cadmium chloride on the 
rates of cellular transport of lactate and gluconeo­
genesis .
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1. An increase in glycogenolysis and and glycolysis 
was observed when hepatocytes from fed rates were 
exposed to cadmium chloride. An increase in the 
intracellular glucose concentrations corresponded 
to the increased production of glucose into the 
medium.
2. A decrease in the disappearance of lactate and 
pyruvate (both at ImM) from the medium was observed 
when hepatocytes from starved rats were exposed to 
cadmium chloride. This effect of cadmium chloride 
was m o r e  p r o n o u n c e d  w h e n  l a c t a t e  was the 
gluconeogenic precursor.
3. Exposure to cadmium chloride resulted in a decrease 
in the rate of gluconeogenesis from lactate and 
pyruvate.
4 . When hepatocytes from starved rats were incubated 
with ImM pyruvate, virtually all the pyruvate taken 
up in the first 15 min was converted to lactate, 
irrespective of the presence of cadmium chloride. 
However, the rate of production of lactate soon 
decreased in hepatocytes exposed to cadmium 
chloride, and the rate of metabolism of the lactate 
produced also decreased in these cells.
4.5 SUMMARY
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5. Exposure to c a d m i u m  chloride resulted in an
increase in the intracellular concentrations of
lactate when hepatocytes from fed rats were 
incubated with cadmium chloride.
6. There was no significant difference between the
intracellular lactate concentrations of control and
cadmium treated hepatocytes isolated from starved 
rats and incubated in the presence of ImM lactate.
Therefore, possible mechanisms of toxicity could 
include:
a) an increase in cellular AMP and/or cytosolic 
calcium r e s u l t i n g  in an e n h a n c e d  rate of 
glycogenolysis and glycolysis.
b) an effect of cadmium chloride on the cellular 
transport of lactate into thehepatocyte.
c) a decrease in cellular energy resulting in a 
diminished rate of gluconeogenesis from lactate and 
pyruvate.
d) a possible increase in the oxidation of pyruvate.
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HEPATOCYTES
Suspensions of isolated intact parenchymal liver 
cells are now well established as standard preparations 
for the study of hepatic metabolism (Tager et al., 1976). 
Such preparations made it possible to expose uniform 
populations to precise concentrations of toxicants e.g. 
cadmium chloride in the present studies and to monitor 
accurately the ensuing dynamic sequence of functional and 
structural alterations, thereby avoiding neural, endo­
crine and haemodynamic factors that might complicate the 
interpretation of results in vivo. By using hepatocytes 
from livers of animals under various physiological 
states, e.g. normally fed or after fasting, inferences 
could be made about the effects of different substrates 
on the direction of specific metabolic pathways.
Cellular structure
In the present studies, alterations in the 
structural integrity of hepatocytes exposed to cadmium 
chloride were more pronounced in those isolated from 
starved rats (Fig. 2.1 - 2.4), as was reported by Muller 
& Ohnesorge (1982) of an increase in trypan blue 
exclusion and leakage of cellular lactate dehydrogenase 
from these h e p a t o c y t e s .  In c o n t r a s t  to their 
observations, however, the enhanced susceptibility of 
hepatocytes isolated from starved rats in the present 
study was attributed, in part, to an accelerated cellular
MECHANISMS OF TOXICITY OF CADMIUM CHLORIDE IN RAT
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Morphological changes as indicated by the formation 
of surface blebs occurred prior to other membrane 
permeability effects (trypan blue exclusion, leakage of 
cytosolic enzymes) during incubation of hepatocytes with 
cadmium chloride (Fig. 2.3 & 2.4). The phenomenon of 
blebbing has been linked to alterations in glutathione 
and calcium homeostasis (Jewell et al., 1982) and the 
depletion of glutathione observed (Table 2.1; Muller & 
Ohnesorge, 1982) via an effect on glutathione reductase 
and glucose-6-phosphate dehydrogenase (Muller, 1986) 
could potentiate the cytotoxicity of cadmium chloride in 
rat hepatocytes. Although the regulation of cytoskeletal 
dynamics in non-muscle cells is not well understood at 
the present time, the formation of surface blebs appear 
to be due to alterations in the cytosolic free calcium 
concentration on the hepatocyte cytoskeleton (Jewell et 
al., 1982; Thor et al., 1984) as a result of changes in 
the intracellular distribution of calcium, rather than an 
influx of extracellular calcium (Jewell et al., 1982). 
Further support for the suggestion of a rise in the 
cytosolic free calcium concentration can be derived from 
the enhanced rate of glycogenolysis observed when 
hepatocytes from fed rats were incubated with cadmium 
chloride (Fig. 4.1-4.3), since an increase in phosphory- 
lase a activity has been related to an increase in the 
cytosolic free calcium in isolated hepatocytes (Thor et 
al., 1 9  8 4 ) .
u p t a k e  o f  c a d m i u m  ( F i g .  2.5),
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The structural and metabolic changes observed in 
the present studies are summarised in Table 5.1. For 
ease of reference, the pathways of metabolism involved in 
the present studies are shown in Fig. 5.1. Although 
cadmium may be exhibiting multiple cytotoxic effects, 
some of these changes may not be unrelated phenomena, but 
a sequelae of perhaps one fundamental root cause. The 
present studies suggest that the primary action of 
cadmium chloride in isolated hepatocytes is on mitochon­
drial function resulting in a perturbation in cellular 
energy production, a conclusion also reached by other 
workers (Muller & Ohnesorge, 1984) using isolated rat 
hepatocytes. Studies in vivo using the kidneys of rats 
and mice (Kajikawa et al., 1981? Nicholson & Kendall, 
1983) and in vitro using rat mitochondrial preparations 
(review - Webb, 1979b) indicate that exposure to cadmium 
chloride results in a perturbation of the mitochondrial 
control system. A decrease in the production of cellular 
energy would account for the diminished rate of gluconeo­
genesis observed (Fig. 4.6 - 4.11? Tolbert et al., 1981; 
Muller & Ohnesorge, 1984) and enhanced glycogenolysis 
(Fig. 4.1 - 4.3) and glycolysis (Fig. 4.4) when hepato­
cytes were incubated with cadmium chloride.
The decrease in cellular respiration observed 
(Table 3.1? Muller & Ohnesorge, 1984) would account, in 
part, for the decline in cellular energy production.
Mitochondrial dysfunction
- 1 7 9 -
T a b l e  5 . 1  S u m m a r y  o f  t h e  s t r u c t u r a l  a n d  m e t a b o l i c  c h a n g e s  
o b s e r v e d  I n  t h e  p r e s e n t  s t u d y  w h e n  r a t  h e p a t o c y t e s  w e r e  
e x p o s e d  t o  c a d m i u m  c h l o r i d e .
Structural alterations
Increase in trypan blue exclusion 
Increase in leakage of cellular LDH 
Increase in blebbing
Metabolic changes
Increased uptake of cadmium in hepatocytes from starved rats.
in hepatocytes from 
fed rats.
in hepatocytes from 
fed and starved rats.
in hepatocytes from 
starved rats.
Increase in glycogenolysis )
Increase in glycolysis ^
Increase in lactate: pyruvate ratio )
Decreased uptake of lactate produced
Decrease in 3-hydroxybutyrate:acetoacetate ) 
ratio. )
Decrease in ketone body production ^
Decrease in gluconeogenesis )
Decrease in lactate uptake ^
Decrease in basal and lactate-stimulated )
rate of cellular respiration (slight )
decrease with pyruvate). )
Decreased oxidation of NADH ^
No change in the oxidation of FADH )
No effect on electron transport from }
succinate dehydrogenase to cytochromes ^
a/aQ
 ^ enhanced in hepatocytes 
 ^ from starved rats.
)
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F i g  5 . 1  P a t h w a y s  o f  c a r b o h y d r a t e  m e t a b o l i s m  i n v o l v e d  i n  
t h e  p r e s e n t  s t u d i e s .  ( F o r  c l a r i t y ,  t h e  s i m p l i f i e d  v e r s i o n  
o f  t h e  r e s p i r a t o r y  c h a i n  h a s  b e e n  p r e s e n t e d ) .
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However, a decrease in oxidative phosphorylation (Mustafa 
& Cross, 1971; Diamond & Kench, 1974) as a result of the 
mitochondrial uptake of cadmium (Saris & Jarvisalo, 1977; 
Chavez et al., 1985) would also cause a substantial 
decrease in cellular ATP. Moreover, the increase in 
cytosolic calcium with the subsequent structural and 
metabolic effects discussed earlier could be a conse­
quence of the impaired calcium sequestration by the 
mitochondria (Thor et al., 1984) due to the uptake of 
cadmium. A direct effect of cadmium on the mitochondrial 
ATPases resulting in an increased hydrolysis of cellular 
ATP would compound the decline in cellular energy 
production (Southard et al., 1984; Chavez et al., 1985). 
It is unlikely that uncoupling of oxidative phosphoryla­
tion, as in classical uncoupling with dinitrophenol, has 
occurred since exposure to cadmium chloride resulted in a 
decrease in cellular respiration (Table 3.1; Muller & 
Ohnesorge, 1984). Similarly, the inhibition of electron 
transfer from NADH dehydrogenase to Coenzyme Q (Cameron 
et al., 1983) is equally doubtful in the present studies 
since this would not be consistent with the decline in 
the 3-hydroxybutyrate:acetoacetate ratios observed on 
exposure to cadmium chloride (Fig. 2.10 & 2.12). Studies 
with succinate (Tables 3.4 - 3.6) have shown that cadmium 
chloride does not affect electron transfer from succinate 
dehydrogenase to cytochrome a/a3 under the conditions 
employed in the present studies.
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If the primary effect of cadmium chloride in 
isolated hepatocytes is on mitochondrial dysfunction, 
then secondary effects could include the increase in the 
lactateipyruvate ratio observed (Fig. 2.7; Stacey et al., 
1980; Santone et al., 1982 ) due to the accelerated rate 
of glycolysis (Fig. 4.4). The subsequent rise in the 
cytosolic NADH:NAD ratio would effectively block the 
utilisation and hence uptake of lactate produced (Fig. 
2.6; Ferre & Williamson, 1978). Similarly, the decreased 
uptake of lactate observed in hepatocytes from starved 
rats (Fig. 4.6) could be due to an increase in the
cytosolic redox state, not necessarily as a result of 
increased glycolysis, but as a consequence of the 
inhibition of pyruvate dehydrogenase and cA-ketoglutarate 
dehydrogenase via an effect of cadmium chloride on the 
associated lipoyl dehydrogenase (Stein & Stein,1971) The 
subsequent decrease in mitochondrial NADH would limit the 
production of ATP, and with an inhibition of pyruvate 
carboxylase by rising ADP levels (Newsholme & Start, 
1973), this could raise the cytosolic concentrations of 
pyruvate and lactate.
Cellular transport of lactate
The possible inhibition of thiol-dependent lactate 
transport (Monson et al., 1982 ) by cadmium chloride in 
hepatocytes c a n n o t  be d i s r e g a r d e d  d e s p i t e  the 
inconclusive results for the intracellular lactate 
concentrations in the presence of cadmium chloride (Fig.
Cytosol ic redox state
4.15). A direct inhibition of cellular uptake of lactate 
would explain the marked dose-related decrease in 
respiration when lactate was the added substrate as 
compared with pyruvate (Table 3.1), since exposure to 
cadmium chloride did not appear to affect the initial 
uptake of pyruvate (Fig. 4.8 & 4.9). The decrease in 
pyruvate uptake on further incubation with cadmium 
chloride was probably due to the diminished rate of 
gluconeogenesis (Fig. 4.13; Tolbert et al., 1981; Muller 
and Ohnesorge, 1984).
An effect of c a d m i u m  chloride on the lactate 
transporter would also result in the slight trend towards 
a decrease in cellular respiration when pyruvate was the 
added substrate (Table 3.1) since after 30 min incuba­
tion, lactate produced into the medium would be taken up 
for gluconeogenesis and oxidation via the Krebs cycle 
(Fig. 4.10). Further support for this hypothesis can be 
shown by the decreased effect of CCCP on the pyruvate- 
stimulated rate of respiration in the presence of cadmium 
chloride (Table 3.3) whereby uncoupling by CCCP would 
accentuate the effect of cadmium chloride on lactate 
transport. Therefore, cadmium chloride may be displaying 
dual effects by: (a) raising the cytosolic NADH:NAD ratio
(via an increase in glycolysis - above) and (b) preven­
ting the cellular uptake of lactate, the predominance of 
each effect being dependent on the nutritional status of 
the hepatocytes (i.e. from normally fed or starved donor 
animals).
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Mi tochondr ia1 ketoacid dehydrogenases
A decrease in the availability of lactate and
/
pyruvate would limit the synthesis of reducing equiva­
lents in the mitochondria (Fig. 3.3) resulting in a 
decline in the 3-hydroxybutyrate:acetoacetate ratio. 
However, the effect of cadmium chloride on the cellular 
transport of lactate would not explain the decreased 3- 
hydroxybu ty rate: acetoacetate ratios observed in hepato­
cytes from starved rats incubated in the absence of any 
added substrate (Fig. 2.12). An alternative explanation 
to account for the reduction in mitochondrial NADH could 
be a possible inhibition of the mitochondrial ketoacid 
dehydrogenases, pyruvate dehydrogenase and d-ketogluta- 
rate dehydrogenase via an effect on the associated 
dihydrolipoyldehydrogenase (Stein & Stein, 1971) by 
cadmium chloride resulting in the diminished oxidation of 
endogenous substrates. The decreased activity of 
pyruvate dehydrogenase and 0(-ketoglutarate dehydrogenase 
could also contribute towards the diminished rates of 
cellular respiration in the presence of cadmium chloride 
(Table 3.1) although other factors may also be prevailing 
e.g. effects of cadmium chloride on lactate transport 
(above). It is unlikely that the decline in the 3- 
hydroxybutyrate:acetoacetate r a t i o  w a s  d ue to an 
increased utilisation of mitochondrial NADH as a result 
of uncoupling of oxidative phosphorylation for the 
reasons stated previously (page i8l)«
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Although succinate dehydrogenase contains suscep­
tible thiol groups (Hatefi & Hanstein, 1974) and has been 
implicated in the inhibition of succinate-stimulated 
respiration in rat mitochondrial preparations (Diamond & 
Kench, 1974 ), there is no evidence of such an effect in 
the hepatocyte system used in the present studies (Table 
3.1). The contrasting effects of succinate on cellular 
respiration in hepatocytes pre-treated with cadmium 
chloride (Tables 3.7 - 3.9) and when added at the same 
time as cadmium chloride (Table 3.1) illustrated the 
different effects of cadmium chloride in the presence and 
absence of an added energy source, suggesting either an 
increased susceptibility of the thiol-dependent dicarbo- 
xylate carrier to cadmium chloride (Tzagoloff, 1982) in 
the absence of succinate, or an increase in endogenous 
dicarboxylates in the cytosol, thus competing with 
succinate for mitochondrial uptake (Pfaff et: al., 1980 ). 
The inhibition of pyruvate dehydrogenase and c^-ketogluta- 
rate dehydrogenase could cause such an increase in 
endogenous dicarboxylates from the entry of gluconeogenic 
precursors at pyruvate, ctyketoglutarate, succinate and 
oxaloacetate (Newsholme & Start, 1973) complementing the 
reduction in the 3-hydroxybutyrate:acetoacetate ratios 
observed when hepatocytes from starved rats were 
incubated with cadmium chloride in the absence of added 
substrate (Fig. 2.12)
Metabolism of succinate
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A schematic representation of the suggested mecha­
nisms by which cadmium chloride could exert its cytotoxic 
effects in the present studies is illustrated in Fig. 
5.2. Although some of the mechanisms proposed are highly 
speculative, the multiple effects of cadmium chloride 
shown seem to originate from a primary dysfunction in the 
production of cellular energy resulting in secondary 
metabolic changes in an attempt to overcome the 
declining energy levels.
Role of mefallothionein
The nature of the present studies represent an 
acute exposure of hepatocytes to cadmium chloride. 
Studies by Cain & Skilleter (1983) have demonstrated the 
binding of approximately 10% of the soluble cadmium in 
isolated rat liver parenchymal cells to a protein 
fraction corresponding to the metallothionein peak, 
30 min after the simultaneous injection of cadmium 
chloride (0.05mg Cd/kg) and a lOfold molar excess of 2,3- 
dimercaptopropanol. On considering the time difference 
between the injection of cadmium chloride and cellular 
disruption for the isolation of metallothionein (minimum 
50 min) in the above study, and that the synthesis of 
metallothionein in primary cultures of rat hepatocytes is 
preceded by a lag phase of 6 - 12 hours (Gerson & Shaikh,
1982), the role of metallothionein in the detoxification 
of cadmium chloride would be relatively minor under the 
conditions employed in the present studies.
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Cytoskeletal
changes
fcytosolic free
Inhibition of pyruvate dehydrogenase 
and o(-ketoglutarate dehydrogenase.
luptake of lactate 
produced
F i g  5 . 2  A  t e n t a t i v e  s c h e m e  f o r  t h e  s u g g e s t e d  m e c h a n i s m s  
o f  t o x i c i t y  o f  c a d m i u m  c h l o r i d e  i n  i s o l a t e d  r a t  h e p a t o c y t e s .
Small arrows (t & i ) refer to the increase and decrease, respectively of 
parameters indicated.
The critical concentration of cadmium that can 
result in detectable renal dysfunction in man has been
O 4.set at a v a l u e  of 2 00]agCd /g w e t  w e i g h t  (or 
1.8nmolCd2+/mg wet weight) in the kidney cortex (Friberg 
et al., 1974). Mitochondria in cadmium-treated hepato­
cytes isolated from starved rats accumulate approximately
pi3nmol Cd /mg protein after 30 min incubation with 25pM 
cadmium chloride (Muller & Ohnesorge, 1984). Therefore, 
the significance of the present studies could be relevant
p  •to the mechanisms by which Cd^ exerts its cytotoxic 
effects in vivo after acute exposure before the synthesis 
of metallothionein, and may be relevant after chronic 
exposure in the e t i o l o g y  of the renal t u b u l a r  
dysfunction observed in cadmium-toxicity (Friberg et al., 
1986). In particular, the enhanced glycogenolysis 
observed in the present studies may suggest a second 
mechanism for the hyperglycaemia observed in experimental 
animals after long-term oral exposure to cadmium (section 
4.4) .
Further work
Additional studies could include the use of radio- 
labelled precursors to estimate flux through the pyruvate 
dehydrogenase complex in order to ascertain whether the 
activity of this enzyme is affected by cadmium chloride 
in rat hepatocytes under the conditions used in the 
present studies. However, caution should be exercised in 
the use of [1 - ^4C]pyruvate alone in the measurement of
Toxicological significance
flux through the liver pyruvate dehydrogenase complex 
(Williamson et al., 1979 ; Patel et al., 1982; Sies et 
al., 1983) as P4C02 production from [1 - ^4C3pyruvate in 
the liver measures decarboxylations catalysed not only by 
the pyruvate dehydrogenase complex, but also by the 
enzymes of the Krebs cycle and the gluconeogenic enzyme, 
phosphoenolpyruvate carboxykinase (Claus & Pilkis, 1977).
The evolution of ^4C02 from [3 - ^4C]pyruvate 
includes decarboxylations catalysed primarily by the 
enzymes of the Krebs cycle. Subtraction of the 14C02 
produced from [3 - d4C ]pyruvate from that produced by 
[1 - ^4C]pyruvate gives an estimate of the amount of 
14C02 produced by the conversion of [1 - 14C]pyruvate to 
acetylCoA plus that from conversion of oxaloacetate to 
phosphoenolpyruvate (Claus & Pilkis, 1977). S o m e  
attempts were made to estimate the activity of pyruvate 
dehydrogenase in hepatocytes exposed to cadmium chloride 
in the present studies. Unfortunately, the results were 
inconclusive due to the p r a c t i c a l  d i f f i c u l t i e s  
encountered in the isolation and measurement of [^4C 3 
glucose produced from [1 -  ^4C ] pyruvate, as this value 
would give an estimate of the amount of 14C02 from 
oxaloacetate to phosphoenolpyruvate, necessary for the 
calculation of flux through the pyruvate dehydrogenase 
complex. These studies could be improved by the use of 
alternative ion-exchange resins for the separation of 
[14C]glucose from charged substances (Exton & Park, 
1967 ) .
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The measurement of cellular ATP would confirm the 
finding of Muller & Ohnesorge (1984) and provide further 
evidence for a perturbation in cellular energy pro­
duction. Similarly, studies of mitochondrial calcium 
(Bellomo et al., 1984 ) in hepatocytes exposed to cadmium 
chloride could support the hypothesis of a decrease in 
oxidative phosphorylation due to the mitochondrial uptake 
of cadmium via the calcium transporter.
Ultrastructural studies could include electron 
microscopy to support the mitochondrial dysfunction ob­
served in cadmium-treated hepatocytes. Electron probe X- 
ray microanalysis could provide further insight into the 
intracellular distribution of cadmium with its possible 
deposition in mitochondria as cadmium phosphate, 
providing further evidence for the mitochondrial uptake 
of cadmium.
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